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1. INTRODUCTION

The Summer Research Program (SRP), sponsored by the Air Force Office of Scientific Research
(AFOSR), offers paid opportunities for university faculty, graduate students. and high school students
1o conduct research in U.S. Air Force research laboratories nationwide during the summer.

Introduced by AFOSR in 1978, this innovative program is based on the concept of teaming academic
researchers with Air Force scientists in the same disciplines using laboratory facilities and equipment
not often available at associates' institutions.

The Summer Faculty Research Program (SFRP) is open annually to approximately 150 faculty
members with at least two years of teaching and/or research experience in accredited U.S. colleges,
universities, or technical institutions. SFRP associates must be either U.S. citizens or permanent
residents.

The Graduate Student Research Program (GSRP) is open annually to approximately 100 graduate
students holding a bachelor's or a master's degree; GSRP associates must be U.S. citizens enrolled full
time at an accredited institution.

The High School Apprentice Program (HSAP) annually selects about 125 high school students located
within a twenty mile commuting distance of participating Air Force laboratories.

AFOSR also offers its research associates an opportunity, under the Summer Research Extension
Program (SREP), to continue their AFOSR-sponsored research at their home institutions through the
award of research grants. In 1994 the maximum amount of each grant was increased from $20,000 to
$25,000, and the number of AFOSR-sponsored grants decreased from 75 to 60. A separate annual
report is compiled on the SREP.

The numbers of projected summer research participants in each of the three categories and SREP
“grants” are usually increased through direct sponsorship by participating laboratories.

AFOSR's SRP has well served its objectives of building critical links between Air Force research
laboratories and the academic community. opening avenues of communications and forging new
research relationships between Air Force and academic technical experts in areas of national interest,
and strengthening the nation's efforts to sustain careers in science and engineering. The success of the
SRP can be gauged from its growth from inception (see Table 1) and from the favorable responses the
1997 participants expressed in end-of-tour SRP evaluations (Appendix B).

AFOSR contracts for administration of the SRP by civilian contractors. The contract was first
awarded to Research & Development Laboratories (RDL) in September 1990. After completion of the



1990 contract, RDL (in 1993) won the recompetition for the basic year and four 1-year options.

2. PARTICIPATION IN THE SUMMER RESEARCH PROGRAM

The SRP began with faculty associates in 1979; graduate students were added in 1982 and high school

students in 1986. The following table shows the number of associates in the program each year.

YEAR SRP Participation, by Year TOTAL
SFRP GSRP HSAP

1979 70 70
1980 87 87
1981 87 87
1982 91 17 108
1983 101 53 154
1984 152 84 236
1985 154 92 246
1986 158 100 42 300
1987 159 101 73 333
1988 153 107 101 361
1989 168 102 103 373
1990 165 121 132 418
1991 170 142 132 444
1992 185 121 159 464
1993 187 117 136 440
1994 192 117 133 442
1995 190 115 137 442
1996 188 109 138 435
1997 148 98 140 427




Beginning in 1993, due to budget cuts, some of the laboratories weren't able to afford to fund as many
associates as in previous years. Since then. the number of funded positions has remained fairly
constant at a slightly lower level.

3. RECRUITING AND SELECTION

The SRP is conducted on a nationally advertised and competitive-selection basis. The advertising for
faculty and graduate students consisted primarily of the mailing of 8,000 52-page SRP brochures to
chairpersons of departments relevant to AFOSR research and to administrators of grants in accredited
universities, colleges, and technical institutions. Historically Black Colleges and Universities
(HBCUs) and Minority Institutions (Mls) were included. Brochures also went to all participating
USAF laboratories, the previous year's participants, and numerous individual requesters (over 1000
annually).

RDL placed advertisements in the following publications: Black Issues in Higher Educarion, Winds of
Change, and IEEE Specrrum. Because no participants list either Physics Today or Chemical &
Engineering News as being their source of learning about the program for the past several years,
advertisements in these magazines were dropped. and the funds were used to cover increases in
brochure printing costs.

High school applicants can participate only in laboratories located no more than 20 miles from their
residence. Tailored brochures on the HSAP were sent to the head counselors of 180 high schools in
the vicinity of participating laboratories, with instructions for publicizing the program in their schools.
High school students selected to serve at Wright Laboratory's Armament Directorate (Eglin Air Force
Base, Florida) serve eleven weeks as opposed to the eight weeks normally worked by high school
students at all other participating laboratories.

Each SFRP or GSRP applicant is given a first, second, and third choice of laboratory. High school
students who have more than one laboratory or directorate near their homes are also given first,
second, and third choices.

Laboratories make their selections and prioritize their nominees. AFOSR then determines the number
to be funded at each laboratory and approves laboratories' selections.

Subsequently, laboratories use their own funds to sponsor additional candidates. Some selectees do
not accept the appointment, so alternate candidates are chosen. This multi-step selection procedure
results in some candidates being notified of their acceptance after scheduled deadlines. The total
applicants and participants for 1997 are shown in this table.




1997 Applicants and Participants
PARTICIPANT TOTAL SELECTEES DECLINING
CATEGORY APPLICANTS SELECTEES
SFRP 490 188 32
HBCU/MD (0) (0) 10)
GSRP 202 98 9
(HBCU/MD) (0) (0) (0)
HSAP 433 140 14
TOTAL 1125 426 55

4. SITE VISITS

During June and July of 1997, representatives of both AFOSR/NI and RDL visited each participating
laboratory to provide briefings, answer questions, and resolve problems for both laboratory personnel
and participants. The objective was to ensure that the SRP would be as constructive as possible for all
participants. Both SRP participants and RDL representatives found these visits beneficial. At many of
the laboratories, this was the only opportunity for all participants to meet at one time to share their
experiences and exchange ideas.

S. HISTORICALLY BLACK COLLEGES AND UNIVERSITIES AND MINORITY
INSTITUTIONS (HBCU/MIs)

Before 1993, an RDL program representative visited from seven to ten different HBCU/MIs annually
to promote interest in the SRP among the faculty and graduate students. These efforts were marginally
effective, yielding a doubling of HBCI/MI applicants. In an effort to achieve AFOSR’s goal of 10%
of all applicants and selectees being HBCU/MI qualified, the RDL team decided to try other avenues
of approach to increase the number of qualified applicants. Through the combined efforts of the
AFOSR Program Office at Bolling AFB and RDL, two very active minority groups were found,
HACU (Hispanic American Colleges and Universities) and AISES (American Indian Science and
Engineering Society). RDL is in communication with representatives of each of these organizations on
a monthly basis to keep up with the their activities and special events. Both organizations have
widely-distributed magazines/quarterlies in which RDL placed ads.

Since 1994 the number of both SFRP and GSRP HBCU/MI applicants and participants has increased
ten-fold, from about two dozen SFRP applicants and a half dozen selectees to over 100 applicants and
two dozen selectees, and a half-dozen GSRP applicants and two or three selectees to 18 applicants and
7 or 8 selectees.  Since 1993, the SFRP had a two-fold applicant increase and a two-fold selectee

increase. Since 1993, the GSRP had a three-fold applicant increase and a three to four-fold increase in
selectees.




In addition to RDL's special recruiting efforts, AFOSR attempts each year to obtain additional funding
or use leftover funding from cancellations the past year to fund HBCU/MI associates. This year, 5
HBCU/MI SFRPs declined after they were selected (and there was no one qualified to replace them
with). The following table records HBCU/MI participation in this program.

SRP HBCU/MI Participation, By Year
YEAR SFRP GSRP
Applicants Participants Applicants Participants

1985 76 23 15 11
1986 70 18 20 10
1987 g2 32 32 10
1988 53 17 23 14
1989 39 15 13 4
1990 43 14 17 3
1991 42 13 8 5
1992 70 13 9 5
1993 60 13 6 2
1994 90 16 11 6
1995 90 21 20 8
1996 119 27 18 7

6. SRP FUNDING SOURCES

Funding sources for the 1997 SRP were the AFOSR-provided slots for the basic contract and
laboratory funds. Funding sources by category for the 1997 SRP selected participants are shown here.



1997 SRP FUNDING CATEGORY SFRP GSRP HSAP
AFOSR Basic Allocation Funds 141 89 123
USAF Laboratory Funds 48 9 17
HBCU/MI By AFOSR 0 0 N/A
(Using Procured Addn’l Funds)

TOTAL 9 98 140

SFRP - 188 were selected, but thirty two canceled too late to be replaced.
GSRP - 98 were selected, but nine canceled too late to be replaced.
HSAP - 140 were selected, but fourteen canceled too late to be replaced.

7. COMPENSATION FOR PARTICIPANTS

Compensation for SRP participants. per five-day work week, is shown in this table.

1997 SRP Associate Compensation

PARTICIPANT CATEGORY | 1991 | 1992 | 1993 | 19%4 1995 | 1996 1997
Faculty Members $690 | $718 | $740 | $740 | S740 | $770 | $770
Graduate Student $425 | $442 | $455 | $455 | S455 | $470 | $470
(Master's Degree)

Graduate Student $365 | $380 | $391 | $391 | S391 | $400 | 3400
(Bachelor's Degree)

High School Student $200 | $200 | $200 | $200 | S200 | S200 | $200
(First Year)

High School Student $240 | $240 | $240 | $240 | S240 | S240 | $240
(Subsequent Years)

The program also offered associates whose homes were more than 50 miles from the laboratory an
expense allowance (seven days per week) of $50/day for faculty and $40/day for graduate students.
Transportation to the laboratory at the beginning of their tour and back to their home destinations at
the end was also reimbursed for these participants. Of the combined SFRP and GSRP associates,

65 % (194 out of 286) claimed travel reimbursements at an average round-trip cost of $776.

Faculty members were encouraged to visit their laboratories before their summer tour began. All costs
of these orientation visits were reimbursed. Forty-three percent (85 out of 188) of faculty associates
took orientation trips at an average cost of $388. By contrast, in 1993, 58 % of SFRP associates took
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orientation visits at an average cost of $685: that was the highest percentage of associates opting 10
take an orientation trip since RDL has administered the SRP, and the highest average cost of an
orientation trip. These 1993 numbers are included to show the fluctuation which can occur in these
numbers for planning purposes.

Program participants submitted biweekly vouchers countersigned by their laboratory research focal
point, and RDL issued paychecks so as to arrive in associates’ hands two weeks later.

This is the second year of using direct deposit for the SFRP and GSRP associates. The process went
much more smoothly with respect to obtaining required information from the associates, only 7% of
the associates’ information needed clarification in order for direct deposit to properly function as
opposed to 10% from last year. The remaining associates received their stipend and expense payments
via checks sent in the US mail.

HSAP program participants were considered actual RDL employees, and their respective state and
federal income tax and Social Security were withheld from their paychecks. By the nature of their
independent research, SFRP and GSRP program participants were considered to be consultants or
independent contractors. As such, SFRP and GSRP associates were responsible for their own income
taxes, Social Security, and insurance.

8. CONTENTS OF THE 1997 REPORT

The complete set of reports for the 1997 SRP includes this program management report (Volume 1)
augmented by fifteen volumes of final research reports by the 1997 associates, as indicated below:

1997 SRP Final Report Volume Assignments

LABORATORY SFRP  GSRP HSAP
Armstrong 2 7 12
l Phillips 3 8 13
! Rome 4 9 14
Wright 5A. SB 10 15
| AEDC, ALCs, WHMC 6 i 16




APPENDIX A — PROGRAM STATISTICAL SUMMARY

A. Colleges/Universitiés Represented

Selected SFRP associates represented 169 different colleges, universities, and institutions,
GSRP associates represented 95 different colleges, universities. and institutions.

B. States Represented
SFRP -Applicants came from 47 states plus Washington D.C. Selectees represent 44 states.
GSRP - Applicants came from 44 states. Selectees represent 32 states.

HSAP - Applicants came from thirteen states. Selectees represent nine states.

Total Number of Participants
SFRP 189
GSRP 97
HSAP 140
TOTAL 426
Degrees Represented
SFRP GSRP TOTAL
Doctoral 184 0 134
Master's 2 41 43
Bachelor's 0 56 56
TOTAL 136 97 298




SFRP Academic Titles

Assistant Professor ; 64
Associate Professor ‘ 70
Professor 40
Instructor 1 0
Chairman 1
Visiting Professor ! 1
Visiting Assoc. Prof. 1
Research Associate ' 9
TOTAL 186

Source of Leaming About the SRP

Category Applicants Selectees
Applied/participated in prior years 28% 34%
Colleaguz familiar with SRP 19% 16%
Brochure mailed to institution 23% 17%
Contact with Air Force laboratory 17% 23%
IEEE Spectrum 2% 1%
BIIHE 1% 1%
Other source 10% 8%

TOTAL 100% 100 %
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APPENDIX B —- SRP EVALUATION RESPONSES

1. OVERVIEW

Evaluations were completed and retumned to RDL by four groups at the completion of the SRP. The
number of respondents in each group is shown below.

Table B-1. Total SRP Evaluations Received

Evaluation Group Responses
SFRP & GSRPs 275
HSAPs 113
USAF Laboratory Focal Points 84
USAF Laboratory HSAP Mentors 6

All groups indicate unanimous enthusiasm for the SRP experience.

The summarized recommendations for program improvement from both associates and laboratory
personnel are listed below:

A. Better preparation on the labs’ part prior to associates' arrival (i.e., office space,
computer assets, clearly defined scope of work).

B. Faculty Associates suggest higher stipends for SFRP associates.

C. Both HSAP Air Force laboratory mentors and associates would like the summer tour
extended from the current 8 weeks to either 10 or 11 weeks; the groups state it takes 4-
6 weeks just to get high school students up-to-speed on what’s going on at laboratory.
(Note: this same argument was used to raise the faculty and graduate student
participation time a few years ago.)
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2. 1997 USAF LABORATORY FOCAL POINT (LFP) EVALUATION RESPONSES

The summarized results listed below are from the 84 LFP evaluations received.

1. LFP evaluations received and associate preferences:

Table B-2. Air Force LFP Evaluation Responses (By Type)

How Many Associates Would You Prefer To Get ? (% Response)

SFRP GSRP (w/Univ Professor) GSRP (w/o Univ Professor)

Lab Evals 0 1 2 3+ 0 1 2 3+ 0 1 2 3+
Recv'd

AEDC 0 - - - - - - - - - -
WHMC 0 - - - - - - - - - - - -
AL 7 2 28 28 14 54 14 2 0 86 0 14 0
USAFA 1 0 100 0 0 100 0 0 0 0 100 0 0
PL 25 40 40 16 3 88 12 0 0 S4 12 4 0
RL 5 60 40 0 0 80 10 0 0 100 0 0 0
WL 46 30 43 20 6 78 17 4 0 93 4 2 0
Total 84 2% 30% 13% 5% | 80% 11% 6% 0% | 3% 23% 4% 0%

LFP Evaluation Summary. The summarized responses, by laboratory, are listed on the following
page. LFPs were asked to rate the following questions on a scale from 1 (below average) to 5 (above

average).

2. LFPs involved in SRP associate application evaluation process:

a. Time available for evaluation of applications:

b. Adequacy of applications for selection process:
3. Value of orientation trips:
4. Length of research tour:
5 Benefits of associate's work to laboratory:
Benefits of associate's work to Air Force:
Enhancement of research qualifications for LFP and staff:
Enhancement of research qualifications for SFRP associate:
Enhancement of research qualifications for GSRP associate:
Enhancement of knowledge for LFP and staff:
Enhancement of knowledge for SFRP associate:

c. Enhancement of knowledge for GSRP associate:
8. Value of Air Force and university links:
9. Potential for future collaboration:
10.  a. Your working relationship with SFRP:

b. Your working relationship with GSRP:
11. Expenditure of your time worthwhile:

(Continued on next page)
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12. Quality of program literature for associate:
13.  a. Quality of RDL's communications with you:

b. Quality of RDL's communications with associates:
14. Overall assessment of SRP:

Table B-3. Laboratory Focal Point Reponses to above questions

AEDC AL USAFA PL RL WHMC WL
# Evals Recv’d 0 7 1 14 5 0 46
Question #

2 - 86 % 0% 88 % 80 % - 85 %
2a - 4.3 n/a 3.8 4.0 - 3.6
2b - 4.0 n/a 39 4.5 - 4.1
3 - 4.5 n/a 4.3 4.3 - 3.7
4 - 4.1 4.0 4.1 4.2 3.9
5a - 4.3 5.0 4.3 4.6 - 4.4
5b - 4.5 n/a 4.2 4.6 - 43
6a - 4.5 5.0 4.0 4.4 - 4.3
6b - 4.3 n/a 4.1 5.0 - 4.4
6c - 3.7 5.0 3.5 5.0 - 4.3
7a - 4.7 5.0 4.0 4.4 - 4.3
7o - 43 n/a 4.2 5.0 - 4.4
Tc - 4.0 5.0 3.9 5.0 - 4.3
8 - 4.6 4.0 4.5 4.6 - 4.3
9 - 49 5.0 4.4 4.8 - 4.2
10a - 5.0 n/a 4.6 4.6 - 4.6
10b - 4.7 5.0 3.9 5.0 - 4.4
11 - 4.6 5.0 4.4 4.8 - 44
12 - 4.0 4.0 4.0 4.2 - 3.8
13a - 3.2 4.0 3.5 3.8 - 34
13b - 3.4 4.0 3.6 4.5 - 3.6
14 - 4.4 5.0 4.4 4.8 - 4.4
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3. 1997 SFRP & GSRP EVALUATION RESPONSES

The summarized results listed below are from the 257 SFRP/GSRP evaluations received.

Associates were asked to rate the following questions on a scale from 1 (below average) to 5 (above

average) - by Air Force base results and over-all results of the 1997 evaluations are listed after the
questions.

The match between the laboratories research and your field:
Your working relationship with your LFP:
Enhancement of your academic qualifications:
Enhancement of your research qualifications:
Lab readiness for you: LFP, task, plan:
Lab readiness for you: equipment, supplies, facilities:
Lab resources:
Lab research and administrative support:
Adequacy of brochure and associate handbook:
. RDL communications with you:
. Overall payment procedures:
. Overall assessment of the SRP:
a. Would you apply again?
b. Will you continue this or related research?
14. Was length of your tour satisfactory?
15. Percentage of associates who experienced difficultes in finding housing:
16. Where did you stay during your SRP tour?
a. At Home:
b. With Friend:
c. On Local Economy:
d. Base Quarters:
17. Value of orientation visit:

W E D=

gt ot
S.»)N""O

a. Essential:

b. Convenient:

C. Not Worth Cost:
d. Not Used:

SFRP and GSRP associate’s responses are listed in tabular format on the following page.
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Table B-4. 1997 SFRP & GSRP Associate Responses to SRP Evaluation

Arpold | Brooks ] Edwards | Eglin | Griffis | Hanwem | Kelly | Kirtlwd | Lackland | Robine | Tywdall § WPAFB | verage
# 6 48 6 14 31 19 3 3 1 2 10 'S 257
res
1 4.8 4.4 4.6 471 4.4 4.9 46| 4.6 5.0 5.0 4.0 4.7 4.6
2 5.0 4.6 4.1 49 | 4.7 4.7 501 4.7 5.0 5.0 4.6 4.8 4.7
3 4.5 4.4 4.0 461 43 4.2 431 44 5.0 5.0 4.5 4.3 4.4
4 4.3 4.5 3.8 46| 1.4 4.4 43 ] 4.6 5.0 4.0 4.4 4.5 4.5
5 4.5 4.3 3.3 481 4.4 4.5 43 ) 4.2 5.0 5.0 3.9 4.4 4.4
6 43 4.3 3.7 47§ 44 4.5 401 3.8 5.0 5.0 3.8 4.2 4.2
7 4.5 4.4 4.2 48 | 4.5 4.3 431 4.1 5.0 5.0 4.3 4.3 44
8 4.5 4.6 3.0 491 44 4.3 431 45 5.0 5.0 4.7 4.5 4.5
9 4.7 4.5 4.7 451 4.3 4.5 471 43 5.0 5.0 4.1 4.5 4.5
10 1 4.2 4.4 4.7 441 4.1 4.1 401) 4.2 5.0 4.5 3.6 4.4 4.3
11 1 38 4.1 4.5 40 ) 3.9 4.1 40| 4.0 3.0 4.0 3.7 4.0 4.0
12157 4.7 4.3 491 45 4.9 471 4.6 5.0 4.5 4.6 4.5 4.6

Numbers below are percentages

13a } 83 90 83 93 87 75 100} 81 100 100 100 86 87
135 1 100 89 83 100 ] 94 98 1001 9% 100 100 100 94 93
14 83 96 100 % 87 80 1001 92 100 100 70 84 88
15 17 6 0 33 20 76 3 25 0 100 20 8 39

16a - 26 17 38 23 33 4 - - - 30

16b | 100 33 - 40 - 8 - - - - 36 2

16¢ - 41 53 40 62 69 67 96 100 100 64 68

16d - - - - - - - - - - - 0

17a - 33 100 17 50 14 67 39 - 50 40 31 35

17> - 21 - 17 10 14 - 24 - 50 20 16 16

17c - - - - 10 7 - - - - - 2 3

17d 1 100 46 - 66 30 69 3 37 100 - 10 51 46
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4. 1997 USAF LABORATORY HSAP MENTOR EVALUATION RESPONSES

Not enough evaluations received (5 total) from Mentors to do useful summary.
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5. 1997 HSAP EVALUATION RESPONSES

The summarized results listed below are from the 113 HSAP evaluations received.

HSAP apprentices were asked to rate the following questions on a scale from
1 (below average) to 5 (above average)

1. Your influence on selection of topic/type of work.
2. Working relationship with mentor, other lab scientists.
3. Enhancement of your academic qualifications.
4. Technically challenging work.
5. Lab readiness for you: mentor, task, work plan. equipment.
6. Influence on your career.
7. Increased interest in math/science.
8. Lab research & administrative support.
9. Adequacy of RDL’s Apprentice Handbook and adiministrative materials.
10. Responsiveness of RDL communications.
11. Overall payment procedures.
12. Overall assessment of SRP value to you.
13. Would you apply again next year? Yes (92 %)
14. Will you pursue future studies related to this research? Yes (68 %)
15. Was Tour length satisfactory? Yes (82 %)
Armold Brooks Edwards Eglin Griffiss Hanscom | Kirland  Tyndall | WPAFB __ Totals
# 5 19 7 15 13 2 7 5 40 113
resp
1 2.8 3.3 3.4 3.5 3.4 4.0 3.2 3.6 3.6 3.4
2 4.4 4.6 4.5 4.8 4.6 4.0 4.4 4.0 4.6 4.6
3 4.0 4.2 4.1 4.3 4.5 5.0 43 4.6 4.4 4.4
4 3.6 3.9 4.0 4.5 4.2 5.0 1.6 3.8 4.3 4.2
5 4.4 4.1 3.7 4.5 4.1 3.0 39 3.6 3.9 4.0
6 3.2 3.6 3.6 4.1 3.8 5.0 3.3 3.8 3.6 3.7
7 2.8 4.1 4.0 3.9 3.9 5.0 3.6 4.0 4.0 3.9
8 3.8 4.1 4.0 4.3 4.0 4.0 4.3 3.8 4.3 4.2
9 4.4 3.6 4.1 4.1 3.5 4.0 39 4.0 3.7 3.8
101 4.0 3.8 4.1 3.7 4.1 4.0 3.9 2.4 3.8 3.8
11 | 4.2 4.2 3.7 3.9 3.8 3.0 3.7 2.6 3.7 3.8
12 1 40 4.5 4.9 4.6 4.6 5.0 4.6 4.2 4.3 4.5
Numbers below are percentages
13} 60% 95% | 100% 100%} 8% 100% | 100% 100% | 90% 92%
14 | 20% 80% 71% 80% | 54% 100% | 71%  80% 65% 68%
15 1 100% 70% 71% 100% | 100% __ 50% 86%  60% 80% 82%




Associate did not participate in the program.
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Abstract

This paper presents an object oriented language, called EIKONES, for efficient and flexible image
processing The EIKONES language provides to the user flexibility and friendliness for image
processing which are not availble in other image processing tools. The basic idea behind
EIKONES is the consideration of the image processing algorithms as objects and the appropriate
development of a formal grammar for its actual implementation. Results are provided by using the
EIKONES language implemented by C++ for a PC environment. The implementation of
EIKONES Language has a current size of 3K lines code.




EIKONES - AN OBJECT-ORIENTED LANGUAGE FORIMAGE ANALYSIS AND
PROCESSING

Nikolaos G. Bourbakis
and
Richard Andel

1. Introduction

Image processing is one of the most inieresting and exponentially growing research area. Severad
image processing libraries and languages have been developed to facilitate the efficient processing of
images [1-9]. The libraries are serial based one at a time image processing tools with no flexibility
and friendliness for the user. On the other hand, the existing image processing languages, either they
are specialized to a certain image processing sub-areas, such accessing [6], graphics [8],etc., or they
are based on general purpose progranming languages with the ability to manipulate images ([9].
There is also a categary of more flexible image processing languages, called object oriented image
processing languages [2]. In this category, languages, such as OLIVE, HIPS and Eikones, are for

machine vision and/or image processing and friendly to the user for portable applications.

In this paper, we present the recent version of the Eikones language. The basic idea behind the
Eikones language was‘introduced in- 1985 [1] in a hardware form, sincethe PC computing power at
that time for real-time applications was very limited. In 1986, the first software version of Eikones
was developed with a limited set of image processing methods. The recent version of the language
includes many image processing methods classified in a small number of major categories. In
addition, it combines object oriented, progranming, and library capabilities. Its main structure is

based on a simple context-free grammar.




2. The Eikones Language

2.1, Definitions
Definition 1: The Eikones language is generated by a context free grammar G = (Ns, Ts, PR, S),
where,
Ns={S, T,L, K, I, O} U {operations} is the set of non-terminal symbols,
Ts=3 U {ii0Z} U {e} U {@, #} is the set of terminal symbols,
PR is the following set of production rules
S—>T
S —> ToS
-> 1k
-—> e(empty)
---> /qL1(a)/qL2(a)/....qLt(a)/

oo

o —> # (synthesis operator)

q -—> (@ savingoperator

k > i

a —> /(x1,y1),(x2,y2)(x1,y 1),(x2,y 2),degree/(x1,y 1),(x2,y 2),values/(x1,y 1),
(x2,y2),patterns/(x1,y 1),(x2,y 2),level/threshold(s)/image(size)templates/
pattems/color/

S is the starting symbol

The language generated by the grammar G is
L(G) = {Wt/ Wt=gLi;j,(ai,j,)#qLizj,(aisj,)#. .. #gLij,(aij,), Lij03, t0Z}
where,
. Wt represents words of the language,
.t represents the length of a word Wt,
. Iy represents the category in which a letter Likjm belongs to,
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. jm Tepresents the rank of the letter inside the category,

. alyj, represents the specs and the parameters required by each letter (image processing method) to

perforna particular task on an image selected by the user or on an image output. a is specifically

defined in table 1.

2.2. The Alphabet

The alphabet of the Eikones langnage is defined by the selection of the methods used for image

processing For instance, invert, binarization, histogam, identity, reverse, thresholding
multiplication, addition, subtraction, division, logicd (AND, OR, NOT, XOR..), window,

convolution, low pass filter, high pass filter, dilasion, erosion, skeletonization, transformation, etc.

The image processing methods are classified in a small number of categories to provide flexibility to

the parsing process and to the user as well. In particular, the categories used here are descrbed in

the table 1, which includes a sample of the methods used by the language.

TABLE1.

Letter Symbol Category Rank

Specs

L0O0 WIN  Windows 1= createawindow coordinates (x1,y1/42,y2)

2 =rotate a window
3 = delete a window
4 = insert a window
5 = zoom a window

6 = focus a window

coordinates (x1,y 1/x2,y2),degrees
coordinates (x1,y 1/x2,y2),value
coordinates (x1,y 1/x2,y2),pattern
coordinates (x1,y 1/x2,y2),level
coordinates (x1,y 1/x2,y2),level

L10 MON Monadic 0= copy (equality)

1 = inverse

2 = binarize

2-5
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3 = threshold

threshold pairs

4 = stretch threshold pairs
L20 DYA Dyadic 1 =add image
2 = subtract image
3 = multiply image
4 = divide image
5 = logjcal and image
6 = logical or image
7 = logical xor image
8 =logical nand image
I3x FLT Filters
FLT _HP High-Pass 1=x template
FLT IP Low-Pass 1= x template
cov Convolution 1 = x template
L4x MFL Morpho
MFL_ER 1 = erosion pattern
MFL_DL 2 = dilision pattern
MFL_OP 3 = opening pattern
MFL_CL 4 = closing pattern
HST 1 = histogram
ENH 2 = enhancement
SEG I=x template
EGD 1=x template
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SKE 1=x templates

L50 TRA Transforms 1=FFT
2 =Walsh
3 = Hadamard
4 = Haar
5=DCT
6=SLT
7=KLT

Thus, the language's alphabet
3 = {Lij/Lixjx is an image processing method, i,j,k,m0Z }
The words present two forms. The first form is
Wt = qLiyji (@i )#... AqLig(aig,),
which represents the sequence of image processing tasks to be performed, and
Wi[P]= qLiyj(aiy)#... #gLijdaigs) [P],

which represents the image processed by the sequence

3. Implementation of Eikones

The Eikones language was implemented by C++ for a PC environment. The basic architectural

schemeis shownin figure 1.




figuration of ‘the EIKONES
rchitecture

:Global ¢

The Objects of the language are the image processing methods. Each object has its own specs, such
as {input (nxn), ty pe of input (color, or grey, or binary), output (mxm), ty pe of output, etc.}

4. Hlustrative Examples

In this section we present two illustrative examples to demonstrate some of the language's

capabilities.

. Example -1
The langnage wordis Wt = MONZ¥WIN(2)#M ON(1)
which means inverse the original image, rotate it, and binarize it. Thus, the results from each

process are:
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The Inverted Image
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The Rotated Image

The Binarized Image
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. Example -2

The same original image was used. The language word selected was

Wil =FLT-HPAWIN(Q2#WIN(1)

Wt2= WIN(4)

It means, that, create a window from the original image, rotateit, and apply high pass filter on it.

Then the result insert it into the original image.

The final result
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5. Conclusion

In this paper an object oriented image processing language implemented by C++ in a PC
environment was presented. The code for the implementation of Fikones is 3K lines. The basic
idea behind this language is to develop an efficient, flexible and user's friendly tool for image
processing The language presented here, combines these features. Extension of this work is the
development additional features for the language, such as statistical measuments for image

processing learning capabilities, and naturd language interfaced.
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Abstract

As the power of computer networking continues to expand, a greater effort is being made 10
harness that power. Two areas of intense activity are executable content, which refers to code which is
automatically downloaded and run on a user’s machine over a network, and distributed computing,
which refers to the distribution over a network of computer tools and applications. In this paper, we look
at the security measures associated with two of the approaches taken to distributed computing and
executable content. First, in the case of distributed computing, we examine the built-in security
associated with Java™ applets. Second, in the case of executable content, we look at the security

measure associated with the CORBA™ standard for object request brokers.
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Introduction

Network security is a concern that can be approached in many different ways. The trend towards
object-oriented programming and object based technology suggests that we need to study destructive

behavior at the obj ect level. (The reader is referred to our accompanying paper on destructive objects.)

Objects in cyberspace have a greater potential for destructive behavior than objects on an
isolated system because of their mobility, by which we mean movement across a network. Two primary

ways in which objects move through cyberspace are via executable content and distributed computing.

Executable content refers to the ability of cyberspace documents such as web pages to contain
embedded programs that are automatically downloaded and run on a user’s machine. There are several
mechanisms available for executable content, the most ubiquitous of which are Java™ applets. The danger
of automatically downloaded code is that it can originate anywhere, perhaps from someone with
malicious intent. While most network security is based in some way on trusted code, Java secks to ensure

the safety of even untrusted code. In the first part of this paper we will examine how Java does this.

Distributed computing refers to the use of a network to divide a process among several objects,
perhaps residing on different machines or even contained on different networks. Distributed computing
allows for a document centered rather than application centered approach to a task. The centerpiece for
the user in a distributed computing environment will be the document being working on - not the
application the user needs to create the document. Any tools needed to work on the document will be
distributed over the LAN (local area network) or WAN (wide area network) to which the user is
connected. Distributed computing is inherently object-oriented. Code from programming languages that
are not object based is forced to simulate an object-oriented approach. The danger from distributed
computing is that in order for it to be worthwhile, objects foreign to a user’s machine must have access to

sensitive parts of the it, such as the file and/or operating systems.




In this work, we will look at examples of how security is being addressed in these two areas of
network computing. In the case of executable content we will examine how the Java programming
language developed by Sun Microsystems tries to guarantee safety for the user, and in the case of
distributed computing will we see how the Common Object Request Broker Architecture (CORBA™)
standard produced by the Object Management Group (OMG) supplies security services to protect its

users.

It should be noted that neither Java™ nor CORBA™ are the only available tools in their
respective domains. Other tools, such as COM™ and ActiveX™, while providing a different approach to
distributed computing face many of the same security concerns outlined in this work. Therefore, an
examination of Java’s and CORBA's approaches to security is valuable to the broader field of managing

destructive objects.

Java™

Java™ is a programming language that was developed by Sun Microsystems with executable

content in mind. Its developers built security into the language in two ways:

- As a stand-alone language Java incorporates strong inherent safety features such as
strong type checking and no user-accessible pointers [MF97a]. This is partially a reaction to
languages such as C (from which Java gets much of its syntax). C allowed so much user
freedom that it is virtually an assembly language. Pointer arithmetic and the ability to cast
pointers from one type of data structure to another affords a large potential for abuse by
malicious programmers. Java attempts to avoid this by allowing the programmer far less
freedom at the memory-space level.

- 1In addition, Java has built-in security designed specifically for safe executable content.
While Java is a full-featured programming language in which one can write complete
applications, it is Java applets which arc designed to make it the mechanism of choice for
executable content. Applets are (usually) small programs that are tightly controlled in the
actions they may perform on a user’s machine. For this reason the Java security model is often
referred to as the sandbox, since applets are only allowed to act within the confines of a virtual

sandbox which restricts the destruction they can cause [MF97b]. These restrictions also have

™ Java is a registered trademark of Sun Microsystems, Inc.
™ CORBA is a trademark of the Object Management Group, Inc.
™Com and ActiveX are trademarks of Microsoft, Inc.
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the effect, however, of making Java™ less powerful than desired when it comes to distributed

computing.

The Java Security Model

There are three main parts to the Java security model: the Bytecode Verifier, the Class Loader,
and the Security manager. This three-way breakdown leads some sources to refer to it as a three-layered
model, but this terminology gives a false impression of redundancy. As McGraw states: “Though such a
label is commonly encountered in the Java security literature, it is misleading. ... if any of the three
prongs is exploited, the entire security system breaks.” Following his lead we will refer to it as a three-
pronged model [MF97a].

Figure 1 below illustrates how the security model fits in the Java universe. Java is an interpreted
language, whose source code is compiled into bytecode that will run on any machine that has a Java
execution environment. A standard Java execution environment consists of the Java Virtual Machine
(VM) that interprets Java bytecode and translates it into machine specific instructions, along with base
classes that provide multi-platform primitives. This platform independence is one of the main features of
Java™ [Fla97]

Outside Source User’s Machine
Java Virtual
Machine
—
Byte Code
Verifier
Java |
Byte Class Loader
Code |
Security
Manager

Fig. 1 — How Java™ handles code from an outside source.
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The VM is where the three prongs of the security model reside. When a user accesses a web
page which contains an applet, the applet’s bytecode is downloaded and run on the user’s machine. Each
part of the model plays a role in making sure the bytecode that’s imported does no harm to the user’s
machine. First the applet class loader places the applet’s code in its own namespace. Then the bytecode
verifier examines the bytecode’s format. If any line of bytecode is not in an approved form, or appears to
perform an illegal operation, the applet will not run. While the applet runs the security manager is given
veto power over any method” considered dangerous, while the class loader makes sure that any class
called by the applet will be put in the appropriate namespace. We will examine each prong of the model

in turn.

Bytecode Verifier - The most basic function of the bytecode verifier is to check the format of

the bytecode to ensure that that it conforms to Java’s specifications. After all, there is a chance the code
was generated by an malicious compiler. Anyone who cares to could easily write bytecode that would
break the VM if the verifier did not check that each bytecode command was acceptable. In addition, the
verifier uses a basic theorem prover to ensure that the bytecode doesn’t circumvent the inherent safety
features of the language. The theorem checker ensures that the bytecode doesn’t overflow or underflow
the stack, use registers incorrectly, convert data types illegally, or allow access to restricted classes , all

of which helps insure that the code will not cause memory space violations [Ven97].

Java™ is not the first language to use bytecode to attempt to achieve platform independence.
(One previous attempt was p-code which was developed at the University of California, San Diego in the
mid ‘70s). One of the problems encountered in previous tries however, was that the code ran too slow.
More powerful computers have helped a great deal, and the developers of Java™ have tried to maximize
execution speed, but a large applet can still bog down the bytecode verifier enough to amount to a denial
of service attack [MF97a].

Class Loader - The second prong in the Java™ security model is the class loader. Java™ is an
object-oriented language, and so everything is a class except for primitive data types. When a class is
added to the Java run-time environment it is loaded into a namespace. Which namespace a particular
class gets loaded into depends on its origin relative to the user’s machine. The namespace the class
resides in determines the access it has to other parts of the run-time environment. Namespaces also useful
prevent name collisions, since the programmer writing the applet needn’t worry about duplicating names
in other classes. Each class in the run-time environment is tagged with the class loader that installed it.

Figure 2 shows how namespaces are split up on a machine on a local network [MF97a].

* A merhod is the object-oriented term for a procedure or function.
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Objects in the local class namespace include those built in to the Java language and those
originating on the user’s machine. Any other classes loaded would be coming over the net as applets or
classes referenced by applets. It is the job of the Applet Class Loader to determine which name space
these classes enter. This is important, since an applet can only see the classes in its own namespace,
which helps prevent a malicious applet from convincing the VM that it is actually a different class,
presumably one with greater access privileges. It also prevents an applet from replacing standard Java™

classes with its own versions [MF97a].

< \\\\\\W“\%\\\\\‘\‘m\\:&\%\\&\\\\\\\\\\\‘\\\%\ -
- \\\\\\\~§\\\§\\\\\§\}\ Classes \\\i\%\%\%\:@ S

R

Z

from N \§\§
inside X \\\\\"\ . Classe

firewall from second

Classes
from first

Fig. 2 — Classes are kept distinct from each other on the basis of origin.

An applet is not allowed to install a new class loader. The Applet Class Loader is the applet’s
only choice for loading new classes. An application, however, can set up its own class loader (or class
loaders), customized to suit its needs. The developer who wishes to do this must be very careful. If the
customized loader they use is not correctly written, they could open a security hole to hostile applets

coming over the network [MF97a].

Security Manager - The security manager module was added to Java with the intent of
providing safety for users who would find their machines running untrusted code. As such it forms a large

part of the Java security model.

The security manager performs run time checks on dangerous methods. It is consulted whenever
a potentially hazardous operation is attempted. Some of the operations which the security manager
routinely checks include [MF97a}:
- all access requests, including access to threads, the operating system, the file
system, the network (via sockets), and other Java components
- the installation of new class loaders

- the creation of operating system level programs
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- the interaction of threads and thread groups.
It should be clear that any method seeking to carry out one of the above operations poses a danger to the
user’s machine. It is not clear, however, that the above list is exhaustive. In fact, the security manager is
allowed to veto any operation referred to it. Like the class loader, the security manager is customizable.
Application developers can design a security manger that checks any method they consider a threat.
Applets, of course, are forbidden from instantiating a security manager. The Java™ virtual machine
comes with a default security manager which checks all of the above operations. If you access a web
page and an applet downloads, it is the security manager of the VM residing in your web browser that
controls what the applet can do. The security manager takes into consideration the origin of the applet, as
indicated by the class loader that installed it. Both major browsers (Netscape™ and Microsoft Explorer™)

are currently using the default security manager supplied with the Java™ VM, but that could change in

the future.

The security manager vetoes an operation by throwing a security exception. Java has several
types of exception objects, all of which are instances of some subclass of the class throwable. Although
it is not technically correct, we will follow standard usage and refer to them all as exceptions. A
Java.lang Error exception cannot usually be recovered from. A Java.lang.Exception exception can usually
be recovered from, providing the developer has written code to catch the exception. A
Java.lang.SecurityException exception is used to indicate an operation not permitted for security reasons.

It cannot be caught and should always halt execution of the program [Fl1a97].

Signature Checking in Java™

Java’s idea that any code could be allowed to run on a user’s machine if it were tightly
controlled stands in contrast to the approach chosen by others, such as ActiveX™ [Sec97]. Security in
ActiveX™ relies entirely on signature checking. Code is considered safe because it carries a digital
signature that confirms its origin, and the user can take care to run code from a trusted origin. There are
some problems with relying solely on signature checking, however. The user may make a poor decision
about who to trust, or he may know nothing about the source of the code that is running on his machine.
The latter case is exactly the situation involved in a large part of web browsing. Still, signature checking

does provide additional security, and the developers of Java decided to add it to their product.

" Netscape is a trademark of Netscape, Inc.
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By using a JAR file it is now possible to add a digitized signature to an applet. A JAR (Java
ARchive) file is a single compressed file that contains all the classes an applet needs to run. (Besides
allowing for signature checking, JAR files speed up applets since all of the applet’s classes come from a
single source.) The browser or other application running the VM on the user’s machine may then grant
the applet special privileges, such as file system access, if it recognizes the signature. Of course, the
application running the VM must have some way of recognizing the digital signature. It may have a
database of signatures to which it can refer, or it is possible to use public key encryption to decode the
JAR file’s signature [Ber97]

It should be noted that signature checking in Java only verifies the origin of the applet and
ensures it has not been altered en-route, it does not protect the user’s system from invasion. It should also
be noted, however, that although the applet may have more privileges, the Java security manager must
still approve all dangerous operations, and the security manager does not have to give the applet access to

the user’s entire system.

Distributed Computing and the Java™ Security Model

Although a Java applet is an excellent tool for executable content, the Java security model has
some limitations. In order to do true distributed computing, applications not residing on the user’s
machine must be given access to sensitive parts of the user’s system. While signature checking in Java™
allows this type of access somewhat, additional security assurances are desirable. Although a user may be
sure of an applet’s origin with signature checking, the user must decide on his own whether that origin is
trustworthy, and he can’t be sure that a third party hasn’t tampered with the applet after it left that origin.
In addition, it is desirable in distributed computing to ensure that the object providing a service over the
network does not actually decrease the efficiency of the user’s work environment. Such a decrease in
efficiency will often take the form of a denial of service attack. Some ways in which denial of services
attack may work include: completely filling a file system, allocating all of a system’s memory, or using
all of a machine’s CPU cycles. In Java™ applets that will not cause permanent damage, but are merely
troublesome at the time they strike are not dealt with [MF97a]. This means that denial of service attacks
are not guarded against. An applet may play by all the rules of the security model and still consume
enough resources or irritate the user enough to force them to shut down their browser. Under certain
circumstances this may be more than a mere nuisance, it may cause the user to lose a great deal of work.

It is also possible to design applets which kill other applets, which could also make a user reluctant to

trust important work to an applet.




CORBA™

While executable content in the form of applets on a web pages is fine for small tasks, it is not
really distributed computing. True distributed computing involves a major change in the way
client/server interactions are viewed. As figure 3 illustrates, distributed computing means doing away
with the monolithic server that sits apart from the users of network resources. Instead, the services are

distributed among the machines on the network. The distinction between client and server is blurred, and

this presents new network administration problems [AdI95].

Server

Database Server

Print Server Network Server

File Server

Fig. 3b - Distributed Client/Server System
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Distributed computing requires something as powerful as an object request broker (ORB) to
manage client/server interactions and insure network security. An ORB is the mechanism by which
objects scattered across a network can communicate and interact, and the Object Management Group’s
(OMG) Common Request Broker Architecture (CORBA™) is rapidly becoming the standard that ORBs
must adhere to in order to function effectively. Among other things, a CORBA-compliant ORB provides

the security services necessary for distributed computing [Lew95].

ORB Security Problems

Figure 3b. shows how services are spread out in a distributed computing environment. It is
important to note that while one’s individual machine may act as both client and server, at the ORB level
individual objects are filling that dual role. The objects interact with a CRBA-compliant ORB via OMG’s

Interface Definition Language (IDL). This allows objects written in different languages to communicate.

In a traditional client/server setup the server is usuvally trusted while the client is not. For
example, a client may assume that his database server (which is maintained by the network administrator)
has no malicious intent, but that administrator is not going to assume the same thing about anyone who
happens to log on to his server. In distributed computing the database server may be anyone who has
registered with the ORB as such. If not for the protection afforded by the ORB, the client would be
foolish to assume this object/server is trustworthy [OHE97].

N
L

Request for
Service

Request for
Service

ORB

Fig. 4 - An ORB mediates interactions between
client/servers on a distributed system.
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Figure 4 illustrates how an ORB mediates client/server interactions. Any object offering a
service may register with the ORB. A client wanting that service puts in a request to the ORB, which
handles the transaction between the two objects. Note that an object registered as a server may also act as

a client.

Further security difficulties are presented by the fact that a distributed computing environment is
inherently anarchistic. A client’s call for service may end up involving several objects. Distributed
objects evolve over time, and the aggregate of objects that combined to supply a service today may be
different tomorrow, without the client’s being aware of the change [OHE97]. For these reasons, the ORB

must offer strong security services.

CORBA Security Services

How does CORBA’s security mode! differ from that offered by Java™? One analogy is that of
the security for a bank. Java security is akin to that afforded to the bank by an automated teller machine.
Allowing customers to use an ATM does not put the assets inside the bank at risk. The trade-off is that
the customer is greatly restricted in the banking transactions he can complete. CORBA security, on the
other hand, is closer to that provided by an armed guard (one with extraordinary powers, however, as we
will see). Anyone is allowed to come into the bank and interact, and the guard insures that there will be
no foul play. CORBA offers a slate of security services designed to insure that objects interacting over a

CORBA-compliant ORB behave themselves.

Authentication - An object that wishes to use an ORB must first establish its identity. When a
user logs on to the ORB for the first time they are given an authenticated ID which spells out what
privileges they have. A principal user need only do this once. Afterward, that user or an object acting on

their behalf can utilize the ORB services by showing their digitized signature [OHE97].

Credentials - When a principal user logs on they are given credentials which contain the user’s
ID and spell out the privileges they have on the ORB. These privileges are based in part on the objects
identity, group affiliation (if any), and security clearance. The authenticator actually returns a credentials
object, which serves as the user’s security ticket that must be shown whenever the user wishes to perform

an ORB-related operation.

Delegation - As mentioned in the section on ORB security problems, services in a distributed
computing environment are often provide by aggregates rather than single objects. An object that is

requested to perform a service may call on other objects to supply part of that service. This chain of
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object calls must be regulated by the ORB. In particular, the ORB must decide whose credentials are
being used. The transfer of credentials from one object to another is called delegation, and CORBA
allows this to be done three different ways [OHE97]:
- no delegation means an intermediate object inherits no credentials from
the object that called it
- simple delegation means an intermediate object receives the calling
object’s credentials
- composite delegation means the intermediate object will have both its

own and the calling object’s credentials.

No Delegation
client credentials intermediate credentials
Client Intermediate Object Target Object
Simple Delegation
client credentials client credentials
Client Intermediate Object Target Object
Composite Delegation
client credentials c':lient anq .
»‘ intermediate credentials »‘
Client Intermediate Object Target Object

Fig. 5 - There are three ways credentials can be delegated.

Audit Services - The way in which CORBA™ handles authorization and credentials requires a
CORBA-compliant ORB to keep track of at least some ORB-object interactions. In fact, CORBA’s audit

services offer much more in the way of record keeping. CORBA™ will record and store all ORB
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interactions, including attempted log-on. Events can be audited by object or object type, operation, time,

principal attributes, or success or failure [OHE97].

Non-repudiation - The detailed records kept by CORBA’s audit services are necessary for
CORBA 1o offer non-repudiation. This means providing irrefutable evidence that two parties were
involved in a client/server interaction. Neither party should be able to deny this evidence in a court of
law. CORBA™ attempts to ensure this by offering the following services for any message that passes
between two objects via the ORB [OHE97]:

- evidence of message creation can be used to prove that the originator
created the message

- evidence of message receipt can be used to prove that the message was
delivered

- an action timestamp trecords the date and time an event took place

- an evidence long-term storage facility is provided to store transaction
records

- an adjudicator is provided to settle disputes based on stored evidence.

Encryption and Checksums - Messages between objects can be encrypted to ensure a private

conversation, or a cryptographic checksum can be appended to a message to ensure that it was not

tampered with en-route.

Security Domains - According to CORBA™, “a security domain is a set of objects to which a

security policy applies for a set of security-related activities administered by a security authority”. The
security policies define the rules for access control, authentication, privilege delegation, non-repudiation,
and auditability. Allowing objects to group themselves into trusted domains helps keep down the

overhead of running an ORB [OHE97].

Security Interfaces - While the majority of objects will be oblivious to the security services

being performed by the ORB, it is possible for an object to be security-aware. Such an object can request
certain security services from the ORB. A security-aware object may specify a particular type of
credential delegation, request specific non-repudiation services, or enforce its own audit policies. This all

depends of course, on the object having the right credentials in the first place [OHEY7].
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Java™ and CORBA™ Interaction

How do CORBA and Java (or more generally, executable content and distributed computing) fit
together on the web? The brass ring for network managers these days appears to be distributed
computing. This would seem to indicate that ORBs are the wave the future. While this is probably true, it
doesn’t mean that ORBs are the answer to everything. Home users want their web browsers, and don’t
want to have to worry about CORBA-compliance. Java, meanwhile, has a tight relationship with web

browsers, and Java applets run with no effort on the part of the user [Res97].

One possible scenario has Java applets acting as the entry point to ORBs. In this scheme the user
(who may be on a local network) would click on an applet’s icon to request a service. The applet would
then request the service of the ORB. At that point, all of CORBA’s security would come into play. In
particular, the applet would have to be recognized by the ORB. This would allow a nice combination of
web browsing along with the possibility of powerful distributed computing [OHE97.

Future Work

The methods and standards involved in sharing resources across a network is one of the fastest
growing fields in computer science. In the area of executable content, more work needs to be done in the
area of security against applets from untrusted sources. Research needs to be done on ways to combat
applets that consume enough resources or annoy a user enough to force him to shut down his network

connection. A sort of “guardian” applet that could detect and kill malicious applets would be very useful

In the field of distributed computing, ways should be sought to make ORBs more ubiquitous.
Having one standard such as CORBA™ that is readily accepted is a giant step in this direction. If ORBs
become as universal as web browsers, they could be used to fill many roles. For example, an ORB might
ensure to parents the suitability of material for children from any site registered with that ORB. For
system managers, an ORB could guarantee the ‘security of objects downloaded through that ORB.
Research should be done on ways to empower an ORB to automatically detect and restrict the behavior

of destructive objects.

3-15




Acknowledgements

The authors would like to thank everyone at Rome Labs for their help in preparing this paper,

especially:

Dr. Heather Dussault, Head of the Information Institute, for her guidance and accurate answers

to many questions,

Mr. Joseph Giordano, Head of the Information Warfare Team, for appropriate suggestions and

ideas,

Mr. Chris Harrison, Network Manager, for making our job easier with helpful advice and

patient solutions to myriad problems.

3-16



[AdI95]

[Ber97]

[Fla97]

[Lew95]

[MF97a]

[MF97b]

[OHE9]

[Res97]

[Sec97]

[Ven97]

References

R. M. Adler, “Distributed Coordination Models for Client/Server Computing”, Computer,
pp. 14 - 22, April, 1995.

C. Berg, “How Do I Create a Signed Applet”, Dr. Dobb’s Journal, pp. 109-111,
August, 1997.

D. Flanagan, Java In A Nutshell, Cambridge: O’Reilly, 1997.

T. G. Lewis, “Where Is Client/Server Software Headed?”, Computer, pp.
49 - 55, April, 1995.

G. McGraw and E. W. Felten, Java Security, New York: Wiley, 1997.

G. McGraw and E. W. Felten, “Understanding the keys to Java security --
the sandbox and authentication”, JavaWorld, May, 1997.

R. Orfali, D. Harkey, and J. Edwards, Instant CORBA, New York: Wiley, 1997.

R. I Resnick, (2 July, 1997), “Bringing Distributed Objects to the World Wide Web”,
[WWW Document], URL hrp.//www.interlog.com/~resnick/ron.html

Secure Internet Programming Team, (28 April, 1997), Princeton University Department of
Computer Science, “Security Tradeoffs: Java  vs. ActiveX”, [WWW Document],

URL http://'www.cs.princeton.edu/sip/java-vs-activex. html

B. Venners, “Java’s Security Architecture”, JavaWorld, August, 1997.

3-17




Associate did not participate in the program.

4-1




OPERATIONAL ANALYSIS OF AN ACTIVELY
MODE-LOCKED FIBER LASER

Walter Kaechele
Graduate Student
Physics Department

Rensselaer Polytechnic Institute
110 8th Street
Troy, NY 12180

Final Report for:
Graduate Student Research Programs
Rome Laboratory

Sponsored by:
Air Force Office of Scientific Research
Bolling Air Force Base, DC

and

Rome Laboratory

December 1997

5-1




OPERATIONAL ANALYSIS OF AN ACTIVELY
MODE-LOCKED FIBER LASER

Walter Kaechele
Graduate Student
Physics Department
Rensselaer Polytechnic Institute

Abstract

This paper describes the construction and operation of an actively mode-locked
fiber ring laser. The inclusion of a lithium niobate Mach-Zehnder modulator into a
fiber ring cavity permits self-starting and external control of the repetition rates of the
laser. The modulator and a sythesized frequency generator mode-locked the laser at
frequencies ranging from 1.5 MHz to as high as 5 GHz. An experimental and theoretical
analysis of the pulse shaping mechanisms is included as is an examination of the output
noise at both low and high repetition rates. The paper concludes with an investigation
of rational harmonic mode-locking, a novel method of increasing repetition rates while
applying only modest drive signals.



OPERATIONAL ANALYSIS OF AN ACTIVELY
MODE-LOCKED FIBER LASER

Walter Kaechele

1 Introduction

As the name implies, active mode-locking occurs when some form of external drive (either
optical or electrical) produces a modulation within the cavity which causes the phases of
the longitudinal modes to lock together. Typically the modulation derives from some bulk
modulator placed within the cavity which is driven by an electronic frequency synthesizer.
The principal electrically driven modulators that have been used are the acousto-optic mod-
ulator, due to its ease of operation and ready availability, and the fiber pigtailed lithium
niobate (LiNbO3) optic modulator closely compatible with the fiber nature of the laser. The
lithium niobate modulator is particularly useful since it provides a completely integrated
package without resorting to bulk optical components. The synchronization of the pulse
train to an electrical drive allows the laser to be referenced to an external phenomena. This
has particular advantages when the laser pulse train must be modulated by an electrical
signal as is the case with digital communications

Active mode-locking of erbium doped fiber lasers has been an area of intense interest
since 1989 when it was realized that picosecond pulses could be obtained[l]. Operating as
an actively mode-locked laser, the laser generated 50 ps pulses with sufficient bandwidth
to support 2 ps pulses at a repetition rate of 90 MHz. The addition of 2 km of standard
telecommunications fiber allowed the pulses to access the additional soliton pulse shaping
mechanisms which occur in the anomalous dispersion regime reducing the pulse widths to
4 ps. Subsequent improvements in cavity design eliminated the need for these long cavities
as soliton pulse-shaping in an actively mode-locked laser produced pulse widths below 2 ps
in a harmonically mode-locked laser operating at 420 MHz[2]. The laser had a Fabry-Perot
cavity with only ten meters of fiber which resulted in a cavity mode spacing of approximately
10 MHz. This laser was tunable over the entire erbium gain bandwidth from 1.521 - 1.58
um, a property of erbium lasers which makes them attractive for a number of applications.

Following these initial experiments the performance of actively mode-locked fiber lasers

has continued to improve. Erbium doped fiber lasers routinely provide transform limited
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picosecond pulses with repetition rates in the gigahertz range.[3] Stabilization techniques
have reduced environmental fluctuations and thereby allowed extended operation with sta-
ble, equal amplitude pulse trains. Phase locking techniques to lock the pulse phase to a
stable external source have been developed.[4] The inclusion of a pulse-rate étalon in a ring
cavity stabilized a harmonically mode-locked laser when the free-spectral range of the cavity
matched the operating repetition rate.[5] More recently, polarization preserving components
have been included to eliminate the polarization mode dispersion which occurs in standard
fiber lasers. This laser was capable of producing 6 ps pulses at repetition rates up to 40 GHZ
while being tunable over 50 nm of the erbium gain bandwidth.[6]

Traditional operation of these lasers at harmonics of the cavity frequency has been well
documented and characterized. If the drive signal to the modulator falls on specific fre-
quencies between the cavity harmonics, it is possible to induce the laser to pulse at much
higher repetition rates in a state known as rational harmonic mode-locking. By exploiting
this method very high repetition rates are possible and have been demonstrated as high as
200 GHz.[7] The mechanisms of this method are limited by the available gain and relative
linewidths of the axial modes as will be shown later. This method has renewed interest in
the mode-locking mechanisms and potential applications of actively mode-locked fiber ring
lasers.

This chapter deals with the development and characterization of an actively mode-locked
fiber ring laser. Operation in a number of frequency regimes ranging from megahertz to
gigahertz will be described. This laser also serves as the source or master signal for the
synchronization experiments described later. Characteristics of this laser which will be con-
sidered are the pulse width, spectrum, energy and noise. The chapter concludes with an
examination of extending the laser capabilities via rational harmonic mode-locking, a novel

method enabling very high repetition rates to be obtained at relatively low drive frequencies.
2 Active Mode-Locking Theory

Active mode-locking is achieved by directly modulating the optical field inside the cavity at
a frequency f equal to (or a multiple of) the mode spacing Av. A modulator located within
the cavity drives the modulation by becoming transparent at regular intervals occurring at
rates equal to the fundamental cavity mode spacing fo = Av or at a multiple or harmonic of

this frequency fy = NAv. In the latter case the coupling occurs not between adjacent cavity
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modes but between Nth adjacent modes and is referred to as harmonic mode-locking. The
two types of active mode-locking are frequency modulation (FM) and amplitude modulation
(AM) depending on the what aspect of the field is modulated. The modulation creates
sidebands, which overlap adjacent modes separated by the modulation frequency f, allowing
the coupling between the modes to occur and the synchronization of their respective phases.

In the case of FM mode-locking the modulator couples the cavity modes by periodically
modulating the phase of the optical field inside the cavity. As a means of describing this
method of mode-locking, a Fourier component of the optical field will be taken through the
three elements of the laser cavity: loss, gain and the modulator.

The loss of the cavity comes about from various sources within the resonator. The most
obvious source of loss is the output coupler whether it is a partially reflecting mirror or a
fiber optic output coupler. Additional sources of loss occurring within the resonator are due
to scattering or index mismatches from components such as the modulator or lenses found
within the cavity. All the sources of loss are lumped into a single parameter £ so that the
nth mode amplitude a, is multiplied by 1 — £ on one pass through the resonator.

The gain in the cavity has a definite spectral profile and linewidth determined by the
particular gain medium. A common gain profile used to model the medium is a Lorentzian
function even though the actual shape of the gain profile may differ considerably from a
Lorentzian. This assumption greatly simplifies calculations and captures the essential be-
havior. The nth Fourier component passing through the gain element experiences the change

2
Gn)an = (1 + gn)an = |1 + -ﬁg@ an {1 +g[1 - (i;—;g—)—]}an (1)
where the spectrum is centered at the n = 0 Fourier component. The frequency of the nth
spectral component is w, = wg + nwy;,, where wy is the carrier frequency. The driving or
modulation frequency w;, is typically the cavity mode frequency or a multiple thereof for
harmonic mode-locking to occur.

The final element of the cavity is the modulator which will be assumed to pass the
radiation perfectly at perfectly timed instants spaced t,, = 27 /wy, apart. This means the
component a, will be multiplied by the modulation M[1 — cos(wnt)], where M is the
modulation depth.

M1 - cos(wmt)]anei(“’”"""")t =

. 1. . 1.
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The Fourier component a(**1), having passed k times through the resonator, acquires the

following form on it subsequent e-entry into the cavity.

2 M
a* = alf) + ¢ (1 - %ﬂ) al? — taf) + '2—(051121 — 24 + o)) (3)
g
In the steady state, a**1) — a{¥) = 0, and Eq. (3) equation reduces to a second order

difference equation. Since the spectrum of a mode-locked laser necessarily contains many
modes, typically tens of thousands, a second order derivative may be substituted in place of
the second order difference in Eq. (3). With this assumption the steady state reduces to:

w? Mw? &
O—I:g(l—g—g)—f’i' 2 Wa(w) (4)

where the Fourier component a, has been replaced by the function a(w) of the continuous

frequency variable w = nwn,. The solution to Eq. (4) is a simple Hermite-Gaussian function
a(w) = H,(wr)e™' 7/ (5)

where H,(wT) is a Hermite polynomial. The solution has the constraints

1 Mw? 02
5= ot ©)
T 2g
2 2 1
g—4{=Mw,m°(v+ =) (7)

2

The constraints in Eqgs. (6) (7), especially the gain compensation for the dispersion of the
spectral components in Eq. (7), stabilize the lowest order Hermite-Gaussian function against
the growth of higher order Hermite Gaussians. The spectrum has a Gaussian shape, and
the Fourier transform of the spectrum, Eq. (5), provides the temporal shape of the periodic

pulses (v = 0).

V 27T Ae_t2/2,r2

T

a(t) = (8)
The amplitude of the pulse is determined by setting an arbitrary amplitude A for the simple

Gaussian solution.
3 Laser Configuration

This laser was based on the traditional design of actively mode-locked fiber ring lasers em-

ploying a fiber pigtailed Mach-Zehnder modulator.[3, 5, 8] The essential features of these
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lasers are an isolator, output coupler and modulator. Since the modulator is a polarization
sensitive element, at least one polarization controller is required in the cavity to account for

the birefringence of the cavity. The layout for this laser is shown in Fig. (1).

N [e—] Mopa
v —— Pump
Q00 Laser
P.C )
980/1550
WDM . RF Signal
Erbium Mach-Zehnder:IE}::i Generator
Doped Fiber Modulator -___@ DC
Bias
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M.O. M.O.
n 9 J/
80/20 v —
Output M
(]
P.C : Coupler Translation

Stage

Laser
Output

Figure 1: Schematic of the actively mode-locked ring laser.

Four meters of erbium fiber provided by Mike Dennis and Irl Duling of the Naval Research
Laboratory acted as the gain medium and was specifically designed to be compatible with
standard monomode fiber, such as the industry standard Corning SMF-28. This simplified
the splicing of this fiber length to the wavelength division multiplexer (WDM) as there was
no significant difference in core diameters. The characteristic values provided with the fiber
were listed as ~1.0 db/mW for the absorption with a dispersion of 1143 ps/nm/km. The
erbium was pumped by an SDL master oscillator/power amplifier (MOPA) diode laser which
provided approximately 950 mW of power at a wavelength of 990 nm slightly off from the
peak absorption value of 980 nm. The MOPA emits light in a diffraction limited TEMgq
mode required for efficient coupling to single mode fiber. The pump light was focused onto

a flat cleaved strand of Corning Flexcor 1060 fiber which is single mode at 990 nm. The
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fiber is single mode at the pump wavelength to prevent higher order transverse modes which
could reduce efficiency by producing an intensity profile within the erbium fiber which is
not Gaussian. Once optimized the pump delivered about 400 mW of power into the fiber
core. The pump then passed through a Gould 980/1550 nm WDM which had an insertion
loss of 0.33 dB providing 380 mW directly to the erbium fiber. Approximately 17 mW of
pump light was measured coming out of the erbium fiber giving an absorption of 13.5 dB or
3.37 dB/m.

The erbium was fusion spliced to an Optics for Research (OFR) 1550 nm polarization
independent optical isolator. The isolator had an insertion loss of - 0.90 dB with an isolation
of - 36 dB. The isolator served two purposes in the laser cavity. The first was to ensure
unidirectional lasing thereby preventing a significant loss of power caused by lasing in the
both directions. The second role of the isolator was to remove any excess pump power
from propagating in the cavity which could potentially damage the modulator. Beyond the
isolator is the 80/20 coupler through which the laser output is emitted.

The primary component of the laser, except for the erbium doped fiber, was the lithium
niobate Mach-Zehnder modulator. The Uniphase Telecommunications Products 1550 nm
modulator has an operating bandwidth of 12 GHz with an insertion loss of 3.2 dB. A DC
bias on the modulator allows the transmittance to be varied as shown in Fig. (2). The
modulator exhibited an incredibly high extinction ratio in excess of 60 dB. The operation of
the modulator requires only a single polarization and came fiber pigtailed on both the input
and output with Fujikura SM-15-P-8/125-UV/UV-400 polarization maintaining fiber. The
input polarization crosstalk was given as 35.9 dB with an output polarization crosstalk of
41.6 dB. The highly polarization selective nature of the modulator allowed it to act as a fast
saturable absorber permitting nonlinear pulse shaping to further reduce pulse widths.

The free space delay line allowed fine adjustments to be made to the round trip time.
This allowed the laser to be operated at a single frequency with environmental changes
being corrected by the delay line rather than by altering the drive frequency. Fiber lasers
suffer from environmental changes to the cavity length due to temperature fluctuations and
often require electronic stabilization mechanisms to achieve long term stability. With minor
adjustments to the delay line, stable operation could be maintained for periods of time up
to approximately 30 minutes, sufficient for measurements.

As mentioned earlier, the polarization controller located before the Mach-Zehnder mod-
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Figure 2: Transmission of the modulator as a function of applied voltage.

ulator permitted direct control of the birefringence while at the same time providing a
wavelength selective element. The wavelength selectivity arises from the fact that the polar-
ization controller alters the birefringence within the cavity. By changing the birefringence
within the cavity, the optical path length changes as well. Any change in the optical path
length prevents the pulses from arriving at the modulator at the proper time. The laser is
then self-correcting and adjusts its preferred wavelength to fit the new optical path length.
This provides a means of fine adjustment to the operating wavelength.

Additional lengths of fiber could be added to the cavity to provide a coarse adjustment to
the cavity length to enable operation at a specific frequency with fine adjustments provided
via the delay line. At low repetition rates additional fiber also allowed the nonlinear shaping
mechanisms of APM to take place significantly reducing the pulse width. Without the
additional fiber picosecond pulses were not possible at rates in the megahertz regime.

With this general geometry the laser made it possible to observe multiple operating
regimes with only minor changes to the cavity. The traditional method of harmonic mode-
locking provides interesting regimes depending on whether the modulator is driven at low
harmonics (1<n < 100) or very high harmonics (n > 500). Shifting the drive frequency off
from a harmonic of the cavity by a predetermined amount allowed the laser to operate in

a rationally mode-locked state producing pulses at rates as much as 10 times the applied

frequency.




4 Mode-Locked Operation

As stated earlier the laser may operate in a number of different regimes producing different
outputs. In all cases the output is taken from the output coupler and passed through another
polarization controller and OFR polarization insensitive isolator. The isolator prevents any
unwanted reflections from re-entering the laser cavity and subsequently altering the laser
operation. The polarization controllers provide adequate adjustment of the polarization state
to enhance second harmonic autocorrelation traces. In all regimes operational wavelength,
power, repetition rates and pulse widths are collected and compared using the following
diagnostic system.

An Anritsu MS9001B1 optical spectrum analyzer measured the operational wavelength
of the laser. The analyzer had a resolution bandwidth of 0.1 nm allowing a facile means of
monitoring the mode-locked operation by observing spectral broadening characteristics of
mode-locking. When operated in cw mode the laser output would mode hope from wave-
length to wavelength but was always had a linewidth limited by the resolution of the spec-
trometer. When the laser entered a mode-locking regime, the spectrometer settled on a
single peak wavelength and the linewidth increased beyond the resolution limit indicating
multiple modes had been successfully locked. The optical power was monitored using a New-
port model 818-IR detector connected to a model 835 power meter. The pulse trains were
observed using a New Focus model 1537 6 GHz photodetector or Antel ARD-28 photode-
tector. Both photodetectors were capable of resolving pulses with pulse widths ~ 50 ps. In
both cases the resulting current was directed to various oscilloscopes including a Tektronix
SD-24 TDR sampling head. The dual-channel sampling head had an operating bandwidth of
20 GHz allowing structures too large to be observed with the autocorrelator to be recorded.
In addition to the oscilloscopes the photocurrent was examined on a Tektronix 2755AP
programmable spectrum analyzer where the various components of the pulse train power
spectrum could be examined. Finally an Inrad model 5-14-LD non-collinear autocorrelator
with a 5 mm LiNbQOj crystal was used to directly measure the pulse width via second har-
monic generation. The autocorrelator sampled the pulses over a long period allowing low
intensity pulses to be measured effectively. The required value to ensure sufficient signal for
measurement was 1 mW? calculated by multiplying the peak pulse power by the average

pulse train power.
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4.1 Mode-Locking at the Fundamental Frequency

Initial operation of the ring laser was conducted at the fundamental cavity spacing which
varied from 4.88 MHz > Av > 1.52 MHz. These frequencies correspond to cavity lengths
41 m < L < 136 m. At these low repetition rates the drive frequency window for stable mode-
locked operation is very narrow. Characteristics of a typical pulse at a frequency, Av =
1.519 MHz are shown in Fig. (3). The pulse has a temporal profile best fit by a hyperbolic
secant with a FWHM of 1.1 ps. The corresponding spectral width is 3.1 nm centered at
1561 nm. This width corresponds to a frequency bandwidth of 380 GHz. Assuming a
hyperbolic secant shape, the time-bandwidth product of this pulse, TAv = 0.408, exceeds
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Figure 3: The temporal and spectral output of the ring laser operating at the fundamental
frequency, 1.519 MHz. The long cavity length provides sufficient anomolous dispersion to

allow ‘soliton’ pulse shaping as evidenced by the agreement between the observed pulse and
a hyperbolic secant squared curve.




the transform limited minima of 0.315. This value indicates additional pulse shortening
might be achieved through better management of the cavity dispersion balanced by SPM.
The output power of the laser was 5.9 mW which can provide the peak pulse power assuming

a negligible background continuum via Eq. (9).

Pk = Poe - 9)
The pulse shown in Fig. (3) has a peak power of 3.565 kW. The average pulse energy is 3.88
nJ.

It is important to note that pulse widths of this magnitude are much smaller than would
be expected for an actively mode-locked erbium fiber laser. Using Eq. (6) the calculated
pulse width is approximately 500 ps assuming the value (%})5 is of the order unity. The
actual pulse is two orders of magnitude shorter than the predicted width for purely active
mode-locking implying that there is substantial nonlinear pulse shaping taking place. The
high nonlinear effects are a result of the high peak pulse power within the cavity. The
internal peak power is four times the exiting pulse power, 14.26 kW, providing an intensity
of 26.36 GW /cm? in Corning SMF-28 fiber with a core diameter of 8.3 pm. Although values
vary for the nonlinear coefficient for fibers the earliest measured value for a silica glass fiber
of 3.2 x 10718 ¢cm?/W is still almost exclusively used.[9] The acquired phase shift for the
peak of the pulse due to the nonlinear index of refraction is A¢ = 0.34 rad/cm, a very large
value for a cavity with a length greater than 100 m. This nonlinear polarization rotation
allows the linearly polarizing modulator to act as an intensity discriminator eliminating the
less intense edges of the pulse.

The power spectrum of the pulse train could be analyzed using the theory proposed by
von der Linde[10] to provide a measure of the timing-jitter. Fig. (4) shows the Dirac é peak
and surrounding structure for the second and the tenth cavity harmonic to illustrate the
differences between harmonics. To determine the nature of the noise, amplitude or tempo-
ral fluctuations, the dependence of the particular structure on the corresponding harmonic
number must be determined. The sideband structures identified in Fig. (4) exhibited a low
frequency noise component whose area followed an n? dependence, indicative of timing-jitter.
Analyzing the higher harmonic spectra, the calculated timing-jitter of the pulse train proved
to be 70 ps. This rather large timing jitter is a characteristic of passive rather than active
mode-locking. Passive mode-locking dominates the pulse shaping since the effective trans-

mission window of the modulator is much longer at low repetition rates when driven by a
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Figure 4: Fourier components of the power spectrum of the ring laser operating at the

fundamental cavity frequency. The spectra exhibit the characteristic rise in sideband noise
and reduction of the peak powers as the harmonic number increases.

sinusoidal signal. This value could be improved by reducing that transmission window by
using a pulse generator rather than a frequency synthesizer.

The ring laser can be operated at low repetition rates and still produce picosecond pulses.
These pulse are not shaped by the action of the modulator as in pure active mode-locking,
but by passive effects shaping the pulse within the cavity. The laser has the advantage
of high output power but suffers from large timing-jitter. The jitter makes this system
an unattractive choice for the synchronization experiments or applications which require at

great deal of temporal stability.

4.2 Harmonic Mode-Locking at High Harmonics

The laser was then set to be operated at much higher harmonics which were generated by a
Hewlett Packard 8672A synthesized signal generator capable of generating signals at rates up
to 18 GHz. The cavity was shortened to have a fundamental cavity spacing of Av ~ 5 MHz.
The modulator was driven by a 5.006 GHz signal from the generator swinging a voltage of
1.24 V,_,. This voltage translates to a modulation depth of 25%. Running at this frequency
corresponds to laser operation at the 1024 harmonic. Again using Eq. (6) the predicted
pulse width comes out to be on the order of 5 ps which will be shown to be in much closer

agreement with the observed pulse widths.
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Figure 5: Output of the ring laser operating at 5.006 GHz which corresponds to approx-
imately the 1024 harmonic. The pedestal is due to insufficient nonlinear pulse shaping
occuring within the cavity.

The spectral and temporal profiles of the laser output are shown in Fig. (5). The ob-
served pulse width of 7.13 ps and corresponding spectral width of 0.336 nm provide a time-
bandwidth product of 0.296 which is slightly lower than the value of 0.315 for hyperbolic
secant pulses. At this high repetition rate, the output power of the laser dropped to 0.6 mW.
By again employing Eq. (9), the peak pulse power was calculated to be 16.8 mW. The high
repetition rate significantly drops the peak power of the pulses decreasing the effectiveness
of nonlinear pulse shaping within the cavity. This is evidenced by the wings present on the
sides of the pulse. These wings mask the lower portions of the pulse where Gaussian and

hyperbolic secant pulses diverge making it difficult to discern an accurate pulse shape. The
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mode-locking theory of Chapter 2 would predict a Gaussian pulse shape.
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Figure 6: Plot of the ratio of the peak power levels of the delta and noise sidebands at
the harmonic Fourier components of the pulse train. The ratio exhibits the n? dependence
characteristic of timing jitter.

The final measure of this systems operation was the noise analysis of the output. The
low frequency noise sidebands observed in the power spectra again provided a measure of
the timing jitter of the pulses. Only four data points were available for measurement as
the bandwidth of the spectrum analyzer extended only out to 21 GHz. The measured
timing-jitter was approximately 1 ps which is significantly lower than the jitter observed at
low repetition rates. The timing-jitter was most likely sub-picosecond, but because of the
inability to examine harmonics higher than the fourth it could not be precisely determined.
Since amplitude and timing fluctuations are comparable at the low harmonics, amplitude
fluctuations could be contributing to the observed sideband energy.

The ability to operate at repetition rates above a gigahertz combined with low inherent
timing jitter allows this laser to be used in a high speed communication architecture as a
source or diagnostic tool for testing high speed photonic communication devices. A draw-
back to the present system is the low peak pulse power which typically requires significant

amplification before the pulses can be effectively exploited in an application.
5 Rational Mode-Locking

Active mode-locking of a fiber ring laser routinely provides pulse trains at repetition rates in
the gigahertz regime. Commercially available Mach-Zehnder LiNbOs; modulators are capable
of operating up to 18 GHz. State of the art modulators have been developed which allow
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operation at rates as high as 100 GHz[11], but even these are orders of magnitude beneath
the carrying capacity of telecommunications fiber. To use as much of the available bandwidth
as possible very elaborate WDM and TDM systems have been developed combining large
numbers of pulsed laser sources operating at rates much lower than the final bit stream. The
large number of expensive components to achieve these high rates makes these systems cost
prohibitive. Rational mode-locking provides a means of achieving repetition rates as high as
200 GHZ from a single laser source.[7]

Rational mode-locking operates on the principal that pulsed operation can be achieved
with the external signal not operating at a cavity harmonic, fsigna # nAv, but rather
when foigna = (n+ -:;)Al/ where n and p are integers.[12] Driven by this signal the laser
operates at repetition rates given by fizser = (np£1)Av. The parameter p greatly increases
the repetition rate with negligible demands placed on the modulator response. It will be
shown that there is a limit to how large a value p can become before other effects hamper
performance. Despite those limitations, this method provides a method of achieving very

high repetition rates with components capable of only modest repetition rates.
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Figure 7: A graphical representation of the intracavity pulses (a) and the output pulse train
(b) of a rationally mode-locked laser with n = 1 and p = 2. The intracavity pulses undergo
an irregular modulation which is periodic in time with a period of np + 1T or 3T. The
observed output is modulated with a period of pT or 2T which means the overall pulse series
is periodic at 6T.
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Fig. (7) illustrates the propagation of a single pulse through the cavity. The pulse ampli-
tude is attenuated by the partially transparent modulator producing the periodically varying
pulse train. Within the cavity at any one time, there are np£1 pulses providing an equivalent
output pulse train. The modulator is transparent for only one of the pulses, however, and
the subsequent pulses all suffer attenuation to varying degrees. The amount of attenuation
depends on the relative position of the pulse relative to the pulse that passes through the
modulator unattenuated.

The experiments relating to rational mode-locking were carried out with the ring laser
having a fundamental cavity mode spacing of 1.52 MHz. The actual experiments were carried
out by simply choosing a value for n and p and tuning the signal generator to the required
frequency. Once the frequency was set, the output was viewed on a Tektronix 2467B 400 MHz
analog oscilloscope. In addition to the oscilloscope, the spectrum analyzer monitored the
output for spectral broadening to ensure the laser remained mode-locked. Fig. (8) shows
the operation of the laser with a drive frequency of only 1.82 MHz which corresponds to
values of n = 1 and p = 5. At this drive frequency the laser operated at a repetition rate of
9.12 MHz. The modulator experienced a change in frequency of only 300 kHz or 19.7% while
the repetition rate of the laser increased by a factor of 6. The increase in repetition rate
comes with a cost in energy which can be seen in the resulting variations in pulse amplitudes
due to the individual pulses experiencing unequal attenuation within the cavity. It is also
interesting to note that as the drive frequency decreases, nearing the value of the actual

harmonic frequency, the repetition rates increase dramatically.

Figure 8: Rational mode-locking pulse train when n =1 and p = 5.
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As the value of p increases, two effects come to the forefront which limit or reduce the
effectiveness of the mode-locking. The first is the attenuation due to the modulator. In
every round-trip time a pulse is emitted which has experienced p trips around the cavity
without the modulator being completely transparent. This effect is clearly visible in Fig. (9)
where n = 1 and p = 10. The large envelope containing the pulses is characteristic of
the sinusoidal drive signal applied to the modulator. The pulses nearest the transmission
maxima experience little loss compared to those further away. This is an unavoidable affect
observed even at the relatively low values of p as seen in Fig. (8).

The second problem which limits the maximum value p can assume is the competition
between rational and harmonic mode-locking regimes. At large values of p the coupling
between the modes falls very closely to the nearest neighbor as well as the mode (np+1)Av
away. As p increases the coupling between nearest neighbors takes over and the laser begins
mode-locking at the harmonic frequency nAv. To date the highest value of p which provided
stable pulsed output is 16 by Jeon et al.[13]

Figure 9: Rational mode-locking when n = 1 and p = 10. The pulse amplitudes are
periodically attenuated with a frequency of 1.671 MHz which corresponds to the drive signal
applied to the modulator.

6 Summary

Operation of an actively mode-locked erbium fiber laser has been demonstrated in three
operating regimes. The laser was capable of producing picosecond pulses at repetition rates

ranging from 1 MHz - 5 GHz with output powers on the order of 1 mW. Observed pulse widths
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were shorter than those predicted by simple active mode-locking theory indicating additional
soliton shaping was occuring within the cavity. The cavity dispersion was not optimized for
the pulse energies since the pulses were not transform-limited hyperbolic-secant pulses.

Rational harmonic mode-locking was demonstrated as a means to achieve higher rep-
etition rates than the bandwidth of the modulator. These higher rates come at the cost
of additional cavity loss and unequal pulse amplitudes. It has been demonstrated that the
unequal amplitudes can be removed by circulating the pulses in an external cavity which is
a sub-harmonic of the pulse repetition rate.[13]

The laser provides a suitable source for a number of applications, most notably those
relating to optical fiber communications. Examination of this laser operating in a synchro-
nized system will be provided later. This synchronized system could be further expanded to
model a true clock-recovery system crucial to any high speed communication systems. The
wavelength tunability, variable repetition rates and narrow pulse width are important fac-
tors which make actively mode-locked fiber ring lasers attractive sources for communication

applications.
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A SIMULATION STUDY ON A PARTITIONING PROCEDURE
FOR RADAR SIGNAL PROCESSING PROBLEMS

Helen Lau
Graduate Student
Department of Mathematics
Syracuse University

Abstract

This paper contains the simulation results on trials of a partitioning procedure developed in a paper
by Chen, Melvin and Wicks (1995), for screening k multivariate complex normal populations, with respect
to a control population for homogeneous noise covariance matrices. The probability of a correct partition
under the least favorable configuration, was used as a performance measure on these simulation trials.
Other performance measures evaluated were expected subset sizes, expected number of good populations
for each partition, expected number of bad populations for each partition, probability of false alarm and the

probability of detection.
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A SIMULATION STUDY ON A PARTITIONING PROCEDURE
FOR RADAR SIGNAL PROCESSING PROBLEMS

Helen Lau
1. Introduction

In the standard radar detection problem, the goal is to accurately detect a known target in the
presence of some noise or interference. In order to do that, it is usually assumed that for some px1
measured signal vector, X, X=(X;,X;,...,Xp) is a complex normal (Gaussian) vector with mean L, and noise
covariance Z. If a known target 8=(3;, 8,,..., 8;) is present in the measured signal, then the expected value
of pis 3, i.e.: we expect that E(u) = §, where 3 is the px1 vector that characterizes that specific target
formation. If there is no target present, then it is expected that E(t) = 0. It is assumed that all measured
signals are normally distributed and share the same pxp noise covariance structure, Z.

Under the assumption that all measured signal data share the same noise covariance structure,
target detection methods have been thoroughly investigated by several authors. A signal to noise criterion
was developed by Reed, Mallett and Brennan in a 1974 paper. Kelly (1986), further developed this signal
to noise ratio into a statistical decision theory procedure using a likelihood ratio function of signal to noise.
Khatri and Rao (1987) developed a similar t-test of Kelly’s likelihood ratio.

As reported in Chen, Melvin and Wicks (1995), serious problems arise in these traditional
detection methods if target signals are actually imbedded in non-homogeneous interference. One can expect
a significant loss in the power of these detection methods if interference is indeed non-homogeneous. In
this 1995 paper, Chen et.al. developed a partitioning procedure from a classical ranking and selection
approach in order to select a subset of populations that share the same noise covariance structure with the
control population. Their method is characteristic of a subset selection approach as formulated by Gupta in
1956. It is suspected that application of this partitioning procedure should greatly increase the performance
of current detection methods.

Using a test statistic and partitioning procedure developed by Chen, et.al., the purpose of this paper
is to conduct simulation trials to investigate the effectiveness of this method. Theoretical and empirical
probabilities of a correct partition (CP) will be compared as a performance measure. Expected subset sizes
and the expected number of similar and dissimilar populations within the subset will also be considered.
The probability of false alarm, Pr(FA), and the probability of detection, Pr(D) is also examined for
partitioned and non-partitioned data.

This report has been organized in the following way:

Section 2: Summary of Notation
Section 3: A Brief Summary of Ranking and Selection Techniques

Section 4: Partitioning Radar Signal Data
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Section 5: An Explanation of the Probability of a Correct Partition

Section 6: Other Performance Measures (e.g.: expected subgroup sizes, Pr(FA), Pr(D).)

Section 7: Simulation Results

Section 8: Concluding Remarks.
2. Summary of Notation

The following notations are used in this paper. A* denotes the conjugate transpose of a complex

matrix A. In the case of real elements, A* will denote the transpose of A. lal denotes the complex modulus
of a complex number, a. When a, is a real number, lal is just the absolute value of that number. llAll is the
determinant of the matrix A. tr(A) is the trace of a matrix A. An nxn identity matrix is denoted I..
X~CNy(u,Z) signifies that X is a random px1 vector of a multivariate (p-variate) complex normal

distribution with mean, , and covariance, Z. Hence, X has the following probability density function
(p.d.f.):

£ =P expl-(X-p)" ™' (X-p)].
S ~ CW(f, ) denotes that S is a complex pxp positive definite matrix that has a complex Wishart

distribution with f degrees of freedom, covariance matrix Z, and the following p.d.f.:

&) = [T, O] 2 IV expl-r 2751,

- P
where, 1"p (a)= [IPtP-172 H (a—i+1). In general, a random variable Y with a distribution function
i=1

Fy(y/0), will be denoted Y ~ Fy(y/8), where 0 is a parameter of the distribution function.

3. A Brief Summary of Ranking and Selection Techniques

Historically, there have been two approaches taken within ranking and selection theory, namely,
the indifference zone approach and the subset selection approach. In the indifference zone approach, the
objective is to find the population that has the “best” characteristic of interest. Alternatively, in subset
selection, our goal is to find a subset that contains the “best” population. The partitioning procedure
developed by Chen, et.al. (1995), is actually a modification of classical subset selection methods that
reflects a process of “screening” populations with respect to a control.

If we consider the set of k independent populations Il = {=n;, m,, ..., m;}, where each &; ~ F(x18;),
and 0; is an unknown parameter of interest for each population =, i=1,2,...,k, then by the subset selection

approach, we would like to select a subset S of I1 such that the probability that the best population is in S,
has a minimum probability, P, where %< P" < 1. Any subset which contains the best population results in

a correct selection (CS). In the case that we have several subsets that meet the minimum probability

requirement, then any one of these subsets may be arbitrarily chosen over all other possible subsets. Thus
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any procedure R that defines the subset selection process, must meet the condition that Pr(CSIR) > P*, for
all possible 6 in ©, where © is the parameter space. It should be noted that subset sizes will be determined
based on analyzed data.

In the indifference zone approach, the goal is to find the “best” population based on the parameter
0. If ;) < 6y <... <Oy, represents the ordered values of all 8;, i=1,2,... k, then we say that 7, is better than
m;, if 6; is greater than 6;. In general, O # 6;. Thus by this method, the purpose is to select the population

associated with the largest parameter, Oy;. Similar to the subset selection approach, any procedure R that

defines the selection process, must satisfy some minimum probability requirement, P, —<P" < 1. In

addition, the distance between 0 and 0y, ;; must be greater than some minimum specified value. If we say
that d(6;,0p;) is a distance function that measures the separation between two parameters 6y; and 8p; and if
d’, is the minimum specified distance allowable between two parameters, then the preference zone is the
parameter space defined as ©,+ where O+ = {0 | d(033,6p.1)) 2 d*}, 0,+c ©. The complement of the
preference zone is called the indifference zone. Thus for any valid procedure R, inf{Pr(CSIR)} = P for all
0 in ©4. The least favorable configuration is the parameter configuration that achieves the minimum
probability of a correct partition over @,« for the indifference zone approach, and over © for the subset

selection approach. For more information on ranking and selection theory, see Gupta et.al. (1979).

4. Partitioning Radar Signal Data

We know that given a random sample of f signal vectors, Y1,Y5,...,Y, where each Y; ~ CNp(0,2),
the detection methods developed by Reed et.al. (1974), Kelly (1986) and Khatri and Rao (1987) are
effective in accurately detecting an independent signal vector X where X ~ CNy(W,Z). In the case when
noise covariance structures are not the same among sampled signal vectors Y),Y5,..., Yy, we can suppose
that there exists k different noise covariance structures among the signal vectors. These f signal vectors can

then be partitioned into k subgroups, {Y;;, Y, oo Yin b {Y21, Yop,00, Yo, o,
{Yu1, Yi2,--., Yiq, } which represent a sampling from k distinct populations m,, 7y, ..., Ty, respectively

where each 1; ~ CNy(0,Z)), i=1,2,... k. If an independent signal vector X is sampled from a control
population 7ty where 7ty ~ CNy(H0,Z), then among these k populations, 7y, 7, ..., Ty, there should be some
population(s) , m;, that have noise covariance structures, Z;, similar to Z,. The partitioning procedure
developed by Chen et. al.(1996), describes a statistic that allows one to distinguish which populations
among these k populations, 7t;, T, ..., Ty, have covariance matrices, Z; "close enough” to X,. In order to

define “close enough,” the authors looked at the univariate comparison of variances for normal populations

with zero means.




Recall that the similarity of the variances from two normal distributions with zero means, is often
measured by the ratio distance function d(x,y)=x/y. The variances of these populations are said to be more
similar as d(x,y) approaches unity. For the covariance matrices of the multivariate normal case, similar
reasoning can be applied to compare multivariate normal matrices since covariance matrices share similar
properties with their univariate counterpart. Thus the ratio of covariance matrices, ZoZ;, can be used to
measure the similarity between the matrices of the control population, 1y and some population, 1. If we
define two distance functions, d;(Zo,%;) and d,,( Z,Z;) that reflect how much deviation we will be allowed
between Z; and X, then one can define a partitioning of the populations.

4.1 Formulation of the Problem:
Let 1= {m,, 7, ..., W}, be the set of k populations from which we have k independent samples

Y11, Yiaseeos Yins Yor, Youueoes You e Yiqu Yiasoon, Yy, 0f size n. We wish to define two exhaustive

subsets, [T and ITg, where Il will be the subset of populations m;,, where Z; is similar to Zq, for i=1,2,... .k,
and Ity = I1-I1g. The notation G and B are used here to denote the similar (‘good’) populations and the

dissimilar (‘bad’) populations, respectively. If we say that 0< A <A, <...<A;, are the ordered

eigenvalues of Z,Z; ' and let d;(Zo,Z) = Ay; and dy(Zo,Z) = Aip, then for some 8,>8,>0, we can define I1g

and I, in the following way:
Ig = { m 1 di(Zo, T)) > & or do(Zo, L) <8} and 4-1)
Tg = IT- I;. (4-2)
The values of ;>0 and 8,>0, are positive real numbers that define the cutoff vatues which differentiate
similar and dissimilar populations. Theoretically, if 8= 8,=1, then Il defines the subset of populations T,
that are exactly the same as ;. Since we are looking for similar populations, 8, should be a value less than
1 and &, should be greater than 1.
4.2 Partitioning Procedure:
Using the sample data collected from each population, m;, i=1,2,...,k, we wish to define a subset Sg
based on sample data such that Sg < I15 . Thus Sg will be a subset that contains only good populations
whose eigenvalues fall within the interval range of [8;, 8;]. The following is the procedure R¢ defined by

Chen, et.al.(1996), such that a minimum probability requirement, P’, is satisfied for each partitioning.

Procedure R¢: Let X~CN,(0,Zo), be an independent sample from the control population 7y, and let Yjy,

Yiz- - Yin, ~ CNp(0,%), i=1,2,....k be independent samples of n random variables from m;. If

1< .
== > Y;;Yj;
1 (4-3)
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is the sample covariance matrix associated with population , then there exists the following associated test

statistic, T; for each population m;, where

_X's'x
P

T

1

(4-4)

Then the set of populations IT={m,,x,,...,7} can be partitioned into exhaustive subsets Sg and Sg such that
Sg={m!C<T;<D}and (4-5)
Sg={mITi<CorT; >D }, (4-6)

where C and D are chosen such that Pr(CPIR) > P’, where %< P'<1.

5. The Probability of Correct Partition

Recall that from subset selection theory, the procedure Rc is valid only if a guaranteed minimum
probability of a correct partition, P", is achieved for all possible X; in ©, where Q is the parameter space of
the covariance matrix measures. Thus a good performance measure of Rc is the minimum probability of a
correct partition, Pr(CP). In particular, we will be interested to see if the theoretical minimum probability
of a correct partition is achieved in simulated data. As Chen, et. al. (1996) showed, the minPr(CP) is a
function of the LFC of all possible parameters in the parameter space 2. Thus, the following Pr(CP) is
derived given the LFC.

Recall that the probability of a correct partition is the chance that all the bad populations are
eliminated. By definition (4-1), those populations whose eigenvalues are less than the minimum cutoff
value, 8,, and those populations whose eigenvalues are all greater than the maximum cutoff value, 5,, will

be considered to be the bad populations. Without loss of generality, let populations { ty,..., 7, } and

{ Tk, 4,415 Tk }, Where Ty,..., 7, have covariance matrices Z;,X,,..., Xy where oI, i=1,2,. .k,
have eigenvalues which are all less than 8;, and Ty, +k,+15++» T have covariance matrices

Ty +ky 1 Sk tky 42 seeer 2y , Where ZOZJTI , ji=ki+ko+1,.. .k, have eigenvalues which are all greater than 5,,

denote those populations which are bad. Then in their 1996 paper, Chen, et.al. showed that the probability

of a correct partition is as follows:

Pr(CP) =Pr(T;<CandT; >D), fori=12,....k, and jek+ky+1,...k (5-1)
*go! X's7'x
—Pr [X S X o222, D], fori=1,2,....k; and j=ki+kp+1,....k (5-2)
n n
| 1

<% , fori=1,2,....k; and j=k;+ko+1,...k (5-3)

17




XAX XAX XAX X'AX
X's7ix C X' D
n n

=Pr , fori=1,2,...k; and j=k;+k;+1,...k (5-4)

XA X
where A; = Z,%;}. Rao (1973) found the distribution function of Y, = ——x—s_—,'x— to be a Chi-squared

n
distribution with 2(n-p+1) degrees of freedom. Since the partitioning is dependent upon the relation of A; =
ZoZ;, the covariance matrix of the control population, Zo, is assumed to be a pxp identity matrix, I, and %
are diagonal matrices of the reciprocal eigenvalues of the matrix % Thus, if AiAo,.. .»Nip» are the

eigenvalues of X!, and Zo = I, then

1
)\'il )\‘i] 0

1 A
(5-5) 2= Aiy ,and A, = ‘ (5-6)

Recall that if 8, is the lower bound and &, is the upper bound of the distance functions d;(Zo,%;) =
A and dy(Z0,Z;) = Aip where (4-1) and (4-2) are satisfied, then given the Pr(CP), (5-1), it is clear that the
minimum probability of a correct partition is achieved at the point where 8, = A;; and where 8, = A, since
the value of X A;X will increase as any diagonal element of A; is increased, while all other diagonal

elements are held fixed. Then for populations &, peens Ty which will have a test statistic T; < C, then the

probability of a correct partition as defined in (5-4), is minimized when the diagonal elements of A;,

i=1,2,...,k,, reach the value §,. By the same reasoning, the probability of a correct partition is minimized

for populations 7y ,y, 4., , When the diagonal elements of A;, i=k; +k; +1,...,k, have reached the

value 9,. It is also true that the probability of a correct partition is minimized when all populations are
dissimilar to the control population, hence all populations have been eliminated.

Chen, et.al. showed that the LFC of any parameter vector {A;;,A;;,...,Ay,},
Ao hapssAgp d s {AkrsAka oo Ay } under Re is when
Aip =L ==Lk, =8, i=1,2,..,mand (5-7)
Aij=Ap=.=h;=8,, j=m+l1,...k, (5-8)

where m is an integer between 0 and k that minimizes Pr(CP). Thus, the LFC is where 8, = A;; and 8, = Ay,
Since we know that Y; ~ xzz(n.p,,,), then Chen, et. al. (1996) showed that the probability of a correct partition

given the least favorable configuration is minimized by the function:




oo k-m m
min Pr(CPILFC) = | (x2[§3— y)) (1—;(2(8—‘ y)) f(y)dy, (5-9)
"D C

where x2 is the cumulative density function (c.d.f.) of a Chi-square distribution with 2(n-p+1) degrees of

freedom and f(y) is the p.d.f. of a Chi-square distribution with 2p degrees of freedom.

) )
Note that if the ratios of El and —Dz— are fixed, then minPr(CPILFC) stays the same. The proof of

) )
this is straight forward if we suppose that 1, and r; are fixed ratios where El =r;and —152- =r1,. Another
interesting point is that if the value of C is increased, then the Pr(CPILFC) increases since the value of

o o
—CL y, will decrease, hence the c.d.f., xz( —61- y) will decrease. By similar reasoning, as the value of D

)
decreases, % y will increase, so $*( —Dz— y) will increase and the minPr(CPILFC) will increase. Thus, if one

is having difficulty finding adequate boundaries, C and D, for the test statistic T;, one might try increasing
the value of C or decreasing the value of D. Of course one does not want very large intervals,

(=0, C]U[D, o), for the test statistic T;, to be rejected since this will result in a loss of power in the
procedure. Another interesting phenomenon that needs further investigation is the occurrence of the
maximum minPr(CPILEC) at the point near n = 2p. That is, for fixed k, p, C, D, 8, and 6, the greatest
probability of a correct partition given the least favorable configuration appears to occur at n=2p or
somewhere near that value. Solving for zero in the derivative of (5-9) is difficult since this reduces to
finding the roots of the derivative of the %* p.d.f. that has 2(n-p+1) degrees of freedom. From the cases

considered however, we do know that minPr(CPILFC) is not a monotonic increasing function of n.

6. Other Performance Measurements

Other performance measures considered in these trials were expected subset sizes, expected
number of good populations in a subset and the expected number of bad populations in a subset. We also
looked at the probability of detection and the probability of a false alarm in partitioned data versus non-
partitioned data in the simulated trials. We wanted to measure the differences in results for partitioned data
and non-partitioned data when the random signal vector contains a known target formation using the
traditional detection methods. In statistical terms, it is clear that the probability of detection, Pr(D), is an
analogous measure of the power of a testing method and the probability of a false alarm, Pr(FA), is an
equivalent measure of the level of significance achieved by a testing procedure when the null hypothesis
assumes that there is no target present in some independent measured signal vector. We suspect that there
should be significant differences in the simulated results for this performance measure. Kelly’s likelihood
ratio test statistic was used in the simulation trials to test for target detection. It should be noted that the use
of Khatri and Rao’s t-test statistic will also produce similar results if used as a testing criterion. In fact,
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simulated trials showed that the results are exactly the same when all elements are real random variables
since a unique functional relationship can be shown to exist between Kelly’s likelihood ratio test statistic
and Khatri and Rao’s t-test statistic. In the case of complex random variables, the results were similar, but
not exact. This may be due to the fact that Khatri and Rao’s t-statistic is only measured by the real

component of the test statistic, t, where,

bog
(= {2(f-p+1))?8 X . 1)

(@ +X'S7'X)5"S'6-16"S " X2 )7

It should be noted that f is the total number of observations, p is the number of signal variates measured, §

is the px1 complex target formation vector, a is some known scalar where X ~ CNp(j,a™'Z) is the random

f
signal vector, and S~CW(f,Z) is the sample covariance matrix where S = Z Yij‘ .
i

From Kelly’s paper, we have that the likelihood ratio test for { > {, where

1+(X"S7'X)
o= . 18°s 7' x12
1+(X' S -! X)- BT
§°s7's (6-2)
is equivalent to the likelihood ratio test for 1 > 1y where
= 18°S™'XI
@'STHI+X'ST'X] (6-3)

(The test statistic 1) is preferred for its simplicity over £.) After some algebraic manipulation, we can see

Kk . . - S
] and N = -—l— where t is Khatri and Rao’s test statistic and t has a Student t-distribution
=M vHt

that { =

-1 2
-1 4 n

with v degrees of freedom and a=1. Thus, 1 = " .
v -n

Lemma I: In the case for real random variables, if t ~ t,, with v = f-p+1, then 1 has a Beta distribution with
parameters 5 and 2,i.e.:n ~Beta (3,2).

Proof: The proof of this is straight forward since Iti= t* has an F distribution with 1 and v degrees of

g
° 2
freedom and N = =5 (Q.ED.)
[l v+t
1+—
v

Lemma 2: In the case for complex random variables, then 1 ~ Beta (1,2 ), where the real component of the

test statistic t has xvz, where v = 2(f-p+1).
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. , . w2 T+ wl? )
Proof: The proof of this follows from Kelly’s paper. Since { = 1+-—-;r——— =1 where T ~

distribution with v = 2(f-p+1) degrees of freedom and W ~CNy(0,1), are independent random variables.

Then it follows that, Iwl? ~ x* distribution with 2 degrees of freedom. From Johnson and Kotz, (1970), (p.

o s -1 Iwl
38), we have that 1 ~ Beta (1,% ), since N =-——= 5 . (Q.ED.)
€ IwP4T

**¥Note: The distribution of w as defined above, is a conditional distribution. However, the condition is not
a condition of T according to Kelly’s article. Then since T and w are independent random variables, the
covariance of w and T must be zero, hence the conditional distribution of w is not affected by T.

As mentioned earlier, the differences that arise between Khatri and Rao’s t-statistic and Kelly’s 1 -
statistic in the complex case may be due to the effect of the complex component of Khatri and Rao’s t-
statistic. Recall that the functional relation between 1 and t is that

L

= R (6'4)
v 1-7

where v = 2(f-p+1) are the degrees of free for the real component of t in the complex case. From Johnson

ti?
and Kotz, (1970), (p.51), we know that 17 has a Pearson Type IV distribution with 1 and % degrees of

freedom, since thatn ~ Beta (1,7 ),

2
Lemma 3: Then % will have an F distribution with 2 and v degrees of freedom.

Proof: Using some basic transformations and substitutions, this proof is straight forward. (QE.D.)
2

.l - N .
Taking - as a test statistic, we should get exactly the same results as Kelly’s 7 likelihood ratio
statistic. This poses a very interesting question about the complex component of Khatri and Rao’s test
statistic and the effects of leaving this measure out of the detection method. If the complex component of a

vector is very significant for a case in study, then one might consider Kelly’s detection method (or the

. I . . . .
equivalent F-statistic, ——2——) over Khatri and Rao’s method for complex data. This would be an interesting

topic for further research.

7. Simulation Trial Results

Using MATLAB, v.5.0, , simulated trials were conducted for the case when we had k=4
populations, p=20 signal variates and n=33 observations for each population m;, i=1,2,3,4. Taking the
minimum eigenvalue cutoff (8,) to be 1/6 and the maximum eigenvalue cutoff (5,) to be 6, we get that for

C=1/2 and D=2, the theoretical minimum probability of a correct partition is 0.9246. For this particular
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case, we examined 3 specific trials where in each trial, we assumed that of 4 populations, &, 7,, %3, 7y, there
were 2 similar populations, m; and 7,, and 2 dissimilar populations, Tt; and T, to the control, 7. For each
trial, 7, and 7,, were the same. These “good” populations were defined to be the populations, where Z,%,”
had eigenvalues, A;j, j=1,2,...,20, where A, 1= A o= ... =A; 5 = and 2%, had eigenvalues, Az,
J=1,2,...,20, where 0.5 s Xp;< App< ... A2 < 2. Note, X, is exactly the same as Xy,

In Trial 1, we assumed that the 2 dissimilar populations, 3 and 7y, had covariance matrices where
the eigenvalues for ZOEJ-'I, j=3.4, that were very large. For m, the eigenvalues of the distance relation Z,X;"
were in the interval (6,105). For my, the eigenvalues ranged from 12 to 30. In the 2™ Trial, we assumed that
both populations, 3 and m,, had covariance matrices where the eigenvalues for EOZJ-", J=3,4, were both very
small. For EoEj", j=3,4, the eigenvalues defined to be in the intervals (0.03, 0.09) and (0.005, 0.155)
respectively, for j=3 and j=4. For Trial 3, we considered the case where Z,Z;", had eigenvalues in the
interval (0.03, 0.09) and where ZoX, ", had eigenvalues from (6.0, 105.0). Thus, in this trial, one population
had significantly larger eigenvalues for the distance function EOZJT’, and one population had significantly
smaller eigenvalues for Zo%;".

An algorithm was derived using MATLAB to generate a random sample vector X ~ CNyy(0, £)
and four independent sets Y;={Y},, Y;2,...,Y;33}, of 33 random sample vectors where Y;; ~ CN(0, X;),
i=1,2,3,4 and j=1,2,...,33. Then for each set of data Y;, Chen’s partitioning procedure was applied to
determine which set of sample data had a covariance matrix significantly different from the control
covariance matrix, Xo. Then using the partitioned data, we tested all the data from the “good” samples
against the null hypothesis, H,, that there was no target present in the random signal vector X using Kelly’s
detection method at 0.05 level of significance. We then tested the same null hypothesis using all the
generated data from m,, 7;, T3, 74, also at the same level of significance. This procedure was repeated 1000
times and counters kept track of how often the null hypothesis was rejected and accepted. A similar
procedure was performed to evaluate the effectiveness of Chen’s procedure for detecting targets in non-
homogeneous data. The simulation results are summarized in the following Table 1 for 1000 iterations.

From these results, we can see that for each simulated trial, the theoretical probability of a correct
partition was ALWAYS achieved. In fact, these empirical trials always found the Pr(CP) to be almost
always 1. In addition, we can see that the average subgroup sizes were fairly consistent for all 3 cases
where the partitioning method found the average “good” population subgroup size to be approximately 1.7.
Only once out of 6000 trials was a bad population included in the subgroup of populations similar to the
control. These results clearly show that there is high precision in Chen’s partitioning procedure for this
particular example and indicates a high probability of a correct partitioning for good critical values C, D, §,
and &,.

Next, the false alarm and detection probabilities, Pr(FA) and Pr(D), respectively, for partitioned
data based on Chen’s statistic T;, versus cumulative non-homogeneous data, were evaluated using Kelly’s
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TRIAL 1 TRIAL 2 TRIAL 3
E(S¢g)* 1.7270 1.7460 1.7395
E(Gg)* 1.7270 1.7460 1.7395
E(Bg) * 0 0 0.0005
Empirical Pr(CP) 1 1 0.9995

False Alarm | Detection | False Alarm | Detection | False Alarm | Detection

Partitioned Data 0.0205 0.7209 0.0265 0.7255 0.0370 0.7159

Cumulative Data 0.2160 0.9560 0.0000 0.0010 0.0060 0.3200

Table 1: Simulation Results

*E(Sg) denotes the average subgroup size, Sg, of the partitioned data for 2000 trials.

*E(Gs) represents the average number of GOOD populations in the subgroup, Sg, for 2000 trials.
*E(Bgs) represents the average number of BAD populations in the subgroup, Sg, for 2000 trials.

Skeok sk ok ok sk sk sk ok ok ek Kk k ke Sk ok 3¢ 3k 3k e sfe 3 e ofe o ke Sk ske sk ek ke sk k ek ok o e sk ook e ke sk ke sk ok

detection method. In Trial 1, we have a good power of detection but a poor false alarm rate of 21.60% for
cumulative data. It is possible that Pr(D) is good for cumulative data since the Pr(FA) is high. For the
partitioned data, we see that Pr(FA) is 0.0206 which is better than the 0.05 specified level of significance.
In Trial 1, we also see that Pr(D) = 0.7209, is not as good as in the case for cumulative data, although a
detection rate of 72.09% may still be adequate for a radar system. In Trial 2, we have that for both
partitioned data and cumulative data, we get good false alarm rates which are both less than the fixed 0.05
level of significance, but there are clear distinctions in the detection rates for partitioned data versus
cumulative data. For this particular trial, the simulation results indicated that the detection rate for
cumulative data is almost zero at 0.10%, where as the rate of detection for partitioned data is significantly
better at the rate of 72.55%. In Trial 3, we see that as in the 2™ Trial, false alarm probabilities are good for
both the partitioned and cumulative data. The probability of detection is also significantly better and has an
adequate chance of detection for partitioned data versus the cumulative non-homogeneous data.

Thus we see that without partitioning data, there is always some trade off when using Kelly’s
criterion as a detection method for cumulative non-homogeneous data. When non-homogeneous data has
been partitioned to find a subset of data that may be similar enough to the control population, we see that
the false alarm rate is always better than the 5% level of significance in this example. Detection rates were
also usually better for partitioned data as we saw in Trial 2 and 3. In the case where the detection rate for
cumulative data was better than the Pr(D) for the partitioned data, there was a significant trade off for this

higher detection rate as the Pr(FA) for cumulative data became very high and it is quite possible that this
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detection rate is so high because the false alarm rate is so high. In all cases considered, the probabilities of

detection for partitioned data were always found to be acceptable.

8. Concluding Remarks

Results from these trials demonstrate that the test statistic T;, (4-4) and the procedure R¢
formulated by Chen, et. al. (1996) may be a definitive measure for discriminating non-homogeneous
populations in radar signal data. In cases when non-homogeneous data has not been screened/partitioned,
these simulation results indicate a significant trade off between the false alarm rate and the rate of target
detection. When data was been partitioned via Chen’s procedure, these simulation results showed that the
false alarm rate for partitioned data always is better the fixed 5% level of significance. Detection rates for
screened data were also shown to always be at least 70%, which was often better than the detection rate for
cumulative data in this simulation. In the one case where the detection rate for cumulative non-
homogeneous data was better than the detection rate for the partitioned data, there was a considerable trade
off in its corresponding false alarm rate. In general, we can see that by screening non-homogeneous data,
there was always an improvement in the false alarm rate while a good probability of detection measure was
attained. The Pr(D) for partitioned data was often significantly better than the detection rate for cumulative
non-homogeneous data in the case examined for this paper.

We see that Chen’s et. al. detection procedure does improve detection performance while
maintaining a specific false alarm measure when signal data is non-homogeneous for the case presented
here. One might consider it worthwhile to investigate other cases where the situation variables (k, n, p, etc.)
are different, although it is expected that one should obtain similar, if not better, results. The principal
results of this paper affirm what was hypothesized in Chen et. al. (1995), since we generally saw an

improvement in detection rates after screening data.
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Abstract

This report presents the simulation ot a robust locally optimum (LO) non-linear spread
spectrum receiver. The signaling environment consists of the desired received signal in
correlated interference and thermal noise. Autoregressive (AR) spectral modeling
methods and a histogram approximation of the probabilitv density function are
employed. Preliminary results for transmission in the presence ot continuous wave (CW)
and partial band (PB) interterence are presented and discussed. A comparison of this
method to a similar nonlinear processing algorithm is performed. Preliminary results for
the performance ot a binary phase-shift keyed communications system indicate that
applving AR modeling to the environment improves performance substantially.

especially in the case of partial band interterence.



SIMULATION OF A ROBUST
LOCALLY OPTIMUM RECEIVER IN
CORRELATED NOISE
USING AUTOREGRESSIVE
MODELING

Myron R. Mychal

The AR LO Detector

Introduction

Many facets are involved in the design of a spread spectrum communications
system [20]. One important consideration is determining a method to best
recover the transmitted signal when it is subjected to interference in the
transmission path. This interference is often highly correlated and not nec-
essarily Gaussian as in typical interference models {12]. The linear correlator
realization of the matched filter is no longer optimal for this environment.
Locally optimum (LO) detection provides a method for circumventing this
problem if the probability density function (pdf) of the interference is known.
However, in cases where the interference exhibits strong self-correlation, tra-
ditional LO methods exhibit poor performance [24 .

LO detectors with memory more successfully combat this type of distur-
bance. The disadvantage of a memory-based processor 1s the rapid increase in
the dimensionality of the joint probability density function (jpdf) noise vector
making the LO detector nonlinearity unwieldy [22.. To alleviate this problem,
frequency domain methods are used to determine a P** -order autoregressive

(AR(P)) model of the channel disturbance. The AR methodology reduces
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the dimensionality of the underlying jpdf to that of the model order. The
statistics of the jpdf remain an issue. To this end, pdf estimation techniques
for independent identically distributed (iid) noise samples prove useful (11)
since the input sequence to the AR model is 11d, albeit characterized by some
unknown pdf. The necessary AR model parameters are determined by well-
known spectral estimation techniques [12]. The following sections describe
the basic LO detector, develop the autoregressive locally optimum (ARLO)

detector, discuss the simulation results, and present the conclusion.

The Locally Optimum Detector

In communicating real, binary data in additive noise, the receiver must dis-
tinguish between two possible information signals. For example, in a binary
phase shift keyed (BPSK) communications system, the receiver must decide
whether a value of =1 was transmitted.
More formally, the detector must choose correctly between one of the
following hypotheses:
H,: Signal s; is present (L1)
Hy: Signal sq 1s present,
where the notation x = [z, - - - zx]7 denotes a vector of length N and s, and s
represent the two possible signal vectors. The value of N, in general, denotes
the number of signal samples for a given symbol (for BPSK, a symbol 1s
represented by a bit). To derive the corresponding LO detector with memory,

begin by observing the received signal vector as:

I =S, +n, (1.2)

where m = 0 or 1 and n is a random noise vector, with jpdf, fn(n). Given

the observation, r = p, the optimum detector is of the form,
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choose H;

>
<
choose Hy

L(p) (1.3)

NS}

where 7 is the decision threshold and is zero for mazimum likelihood (ML)

detection. In Eq. (1.3), L(p) is the log-likelihood ratio, given by,

fr(P’Hl.\!} = In [fn(P—Sl)} 7 (1.4)

Ley=ln {mp H,) Falp = s0)

where frg is the jpdf of the received signal under hypothesis H. Using a first-
order Taylor series expansion around the signal points, and assuming a large

interference-to-signal (ISR), the log-likelihood ratio can be approximated by

L(p) = l(p) [12] where,

N

I(p) = (51— s0i)gi(p). (1.5)

=1

The s;; in Eq. (1.5) represents the :** sample of the j** signal and
J q g

0 =. _aipifn(p)
apl ln‘fn(p)] fn(p) ) (16)

is the LO nonlinearity. Thus, the LO detector for the detection of known

glp) =

binary signals in additive noise is,

choose H,
) >
I(p) = T (51 — s01)9:(p) 5 (1.7)
<
choose Hj
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The LO Detector for AR Noise of Order P

Suppose the noise sample, n,, at a discrete time instant. 2, can be modeled

as a P**-order Markov process. Then the autoregressive noise model is [24]

P N el 7
521 @My —wy, foriell, N,

n, = B (1.8)
0, for: <0
where the {a,} are the AR(P) coefficients, w, represents an iid random pro-

cess, and the vectors contain .V samples. In this case, the noise pdf is,

Af
fa(n) = falm, - .nv) = an,-(m | i1, - map), (1.9)

where,
Jai(ni I M-p) = fuilm:) fori=1
n\ /1 11y " Th-P ) = Ja;\Th = 1.
: A . (1.10)
fn;(ni,ni—l) 77]1—P):fn.;(77i|77:-17"' :771) fOI‘ZZQ,"' P

If a "block approximation” [12] ! is assumed, then fn(n) can be written

as

N P
fa(n) = I_Ifw (‘Zaﬂ?i—j) , (1.11)

where f,(w) is the pdf of the white noise process and aq, = _1. For this case,

the form of the nonlinearity is,

., min (PN~ P
a(v)= Yk (— > ajuh-,l_j) forze 1, V], (1.12)

=0 7=0

where,

'In general, n; depends on the last “P” previous samples. which are assumed to be

zero so that, 7, = wy. This only affects a small fraction of the terms for N > P.
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0, for k<0,
e = (1.13)
pr forke[l, N

a7

R'(w) is the derivative of h(w), and

h(w) 2 In fuw(w)]. (1.14)

Histogram and AR Estimation Techniques

Essential to the computation of the LO detector nonlinearity is the noise
pdf, f,(w), and the autoregressive coeflicients, {a;}. Since neither the source
statistics of the driving white noise, nor the AR coefficients are known a pri-
ort, they must be estimated.

The estimation of the pdf is performed via a histogram method employed
in the LO detector without memory [12]. Pure noise data is not available,
so the received data must be used. Then, a three-point derivative is used to
to compute h'(p). The histogram approach is chosen because of its ease and
simplicity of implementation and generally acceptable performance.

The AR coefficients are estimated using the modified covariance algo-
rithm (MCA) [5]. This is a non-windowing method similar to the covariance
method, but it differs from the latter in that it minimizes the sum of the
squares of the forward and backward predictor errors. The MCA is chosen
since, when compared to other AR estimation methods, it often provides
a) stable, high resolution spectral estimates; b) exhibits lower sensitivity to
phase and decreased peak shifting, and, c) is not subject to spectral line

splitting.




Simulation Results

Simulation of an ARLO detector in a spread spectrum communications sys-
tem comprised of a transmitter, channel, and (assumed) synchronized re-
ceiver was performed. In this system, the transmitter emits B BPSK symbols
sampled at N, samples per symbol. This sample waveform 1s then multiplied
by a pseudo-noise (PN) sequencer with a chipping rate of N, samples per
chip. Thus, the SS system processing gain is PG = N,/N.. A scale param-
eter for the corresponding Signal-To-Noise Ratio (SNR) is used to generate
probability of error curves.

The channel 1s assumed to be an Additive White Gaussian Noise (AWGN)
channel that is additionally corrupted by a self-correlated interfering signal
which is either a continuous wave (CW) interferer or a partial band (PB)
interferer. The parameter for the CW interferer is its frequency whereas for
the PB interferer the passband is specified. Both interferers are scaled to a
pre-determined ISR. The receiver is assumed to be synchronized with ideal
filtering at the front end. The received signal samples are then passed to the
ARLO detector.

The ARLO detector estimates the statistics of the received signal using a
histogram method [9] to obtain an approximation of the pdf. A three-point
derivative of the likelihood function, taking advantage of the properties of
natural logarithms, 1s made. Next, an estimate of the AR model parameters
is obtained using the modified covariance algorithm 5] with P chosen as
a parameter. The received signal is then filtered using the {a;} as a finite
impulse response (FIR) filter to whiten the spectrum. Then, Eq. (1.12) 1s
applied to this whitened signal to determine the LO nonlinearity. From this,
a decision is made using a standard PN decoder.

In the CW case, the interference is modeled as a sinusoid at a given

frequency within the main lobe of the signal spectrum. Typical spectra for
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Continuous Wave Environment Spectra
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Figure 1.1: CW environment for the case of ISR = 20dB with PG = 12dB

this environment are depicted in Figure 1.1.

A typical bit error performance curve for this environment is shown in
Figure 1.2, for P = 16. Bit error curves are provided for a standard linear
correlator, the LO detector without memory, a linear correlator prefixed by a
whitening filter, an LO detector prefixed by the same whitener and the ARLO
detector. The whitening filters are created from the same AR coeflicient
estimates used in the ARLO detector.

In the PB case, the interference is modeled as an iid random process
passing through an all-pole filter of pre-determined coefficients. Figure 1.3
depicts typical spectra in the CW environment.

A typical bit error performance curve for the PB environment is shown
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Figure 1.4: PB environment for the case of ISR = 20dB with PG = 12dB

in Figure 1.4. The parameters for this particular observation are P = 16
AR coefficients for the model and a pass band roughly equivalent to half of
the main lobe of the signal spectrum. The performance for the same five

detectors studied in the CW environment are illustrated.

Conclusions

Analyzing the bit error curves in the previous figures for CW interference, we
see that auto-regressive techniques do not seem to provide an advantage over
traditional LO detection methods. In fact, it appears that whitening filters
provide slightly better performance. However. the difference in performance

1s not significant. It is obvious that the linear correlator performs much more
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poorly than any of the other techniques. These results match those obtained
in [12] for similar environments.

However, in studying the cases for PB interferers; we note a dramatie-
increase in performance of the ARLO detector. For a given value of bit error
probablity, the ARLO detector requires a significantly lower SNR than other
LO detection schemes. Even the whitening methods cannot excise the wider-

band interferer. Thus, the ARLO detector is more robust than any of the

other receviers studied.
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A TECHNIQUE FOR LOCATING AND CHARACTERIZING
CRYSTALLINE REGIONS IN SIMULATED SOLIDS

C Matthew Palmer
Graduate Student
Department of Physics
The George Washington University

Abstract

Software was developed which examines simulated solids and searches for crystalline regions in
them. This is accomplished by forming a set of three lattice vectors, and using them to determine which
atoms in the sample should be included in a particular crystalline region. Software designed in this manner
can detect crystalline regions of arbitrary symmetry, and can even be made to accommodate lattices which
are imperfect. The lattice vectors can also be used to determine if a particular crystalline region is of one
of the common lattice types (FCC, BCC, etc). This information provides a useful means of characterizing
the results of molecular dynamics simulations.
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A TECHNIQUE FOR LOCATING AND CHARACTERIZING
CRYSTALLINE REGIONS IN SIMULATED SOLIDS

C Matthew Palmer

I. Introduction

In analyzing the results of molecular dynamics simulations, one of the things that is of interest is
to determine the size, extent, and nature of the crystalline regions which form in simulated solids, as well
as the grain boundaries that occur between them. Because molecular dynamics is a numerical technique
which requires that the positions and velocities of every individual atom in the sample be known, such an
analysis can be performed through the use of lattice vectors and the positions of the atoms in the sample.

In Section II, the principles used in the software are explained. Section III explains in some detail
the procedures used by the program to perform a search for crystalline regions. Section IV presents some
information regarding analyses that have already been conducted using this software, and Section V
presents some final conclusions regarding this software, as well as indicating means of obtaining the source

code and executable files, for those who may be interested.

11. Discussion of Problem

Crystal lattices are typically defined as repeating, periodic arrays of atoms whose positions can be

characterized by a set of three lattice vectors a,, a,, and a; as follows:

r = ma:+ n.a: + n:as;

where n,, n,, and n, are integers. By allowing the three n’s to take on different integer values, one can
produce the required periodic form. There are more complicated crystal lattices which have more than a
simple one-atom basis and require additional vectors to characterize them, but we shall deal with such
lattices later in this section.

In addition to these lattice vectors (the “direct lattice”) there is also a set of “reciprocal lattice”
vectors, which are important in the propagation of waves along the lattices. There exists a general

prescription for determining the reciprocal lattice vectors, which is as follows:




a: X Az

b:

a:-(a.x a)

as X aAi

bz —
a:-(a.x as)

a: X a:

b:
a:-(a.xas).

Usually, these vectors are defined with a factor of 27 in front of them. However, for the purposes
of this program, this factor is unnecessary and will be neglected. The reciprocal lattice vectors defined

above have a very useful orthogonality relation involving the direct lattice vectors:

ai'bj:dj’

a property which can be easily verified.
This relation provides us with a way to decide whether or not a particular atom is a part of the

crystalline region characterized by the three lattice vectors a,, a,, and a,. If an atom is a part of the region
in question, then its position vector will have the form r indicated above. If one takes the dot product of

such a position vector with the three reciprocal lattice vectors, the following results are obtained:

r-b1=n1
l"bz-_—}’lz
r-b:=n;

Hence, if our atom is a part of the region in question, all three dot products will result in integers

of some sort, whereas if the atom is not a part of the region, the results of one or more of these dot products

will be non-integral.
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As was mentioned earlier, there are some lattices, such as the hexagonal close-packed (HCP) and
diamond lattices, which cannot be characterized simply by three lattice vectors. For these sorts of
structures, one must specify not only the three lattice vectors but the positions of two basis atoms as well.
In the case of the diamond lattice, for example, the lattice vectors are taken to be those of the face-centered

cubic (FCC) lattice with basis atoms whose positions, relative to the FCC lattice sites, are given to be

0 (the null vector)

and
%(i+j+k)

where a is the length of the side of the FCC cube and i, j, and k are the unit vectors in the x, y, and z
directions, respectively.

Thus, any program which seeks to perform the desired analysis needs to do a variety of things. It
must determine a set of lattice vectors, decide if there is a second basis atom, and then use that information
to search the sample and determine which atoms should be included as a part of that crystalline region.

The program also needs to be able to perform this procedure repeatedly throughout the sample, since

samples of any great size will tend to be polycrystalline.

II1. Methodology

In the previous section, the principles involved in searching for crystalline regions were
explained. What follows is a more detailed discussion of how these principles are implemented in the
developed software.

The first step in the search procedure is to create a list of near neighbors for each atom. This is
done for two reasons. First, it speeds the search procedure a great deal, particularly for large samples.
Secondly, it allows the program to accommodate slow twists or bends in a crystalline region. Once the
program has formed the three lattice vectors, it will search out lattice sites by performing a series of passes.
In the first pass, the computer scans the neighborhoods of four atoms-—the core atom and the three atoms
used to form the three lattice vectors. Each neighborhood is scanned in turn, and the position vector r is
formed with each of the neighboring atoms relative to the atom which “owns” the neighborhood. Each
atom in the four neighborhoods is tested in the manner described in Section I, and those which satisfy the
test then have their neighborhoods scanned, and so on. By doing this expanding search, gradual changes in
the orientation of a particular crystalline region can be accomodated.

The neighbors array is formed by first sectioning the sample into a series of boxes. The boxes are

constructed such that there are nearly as many boxes in the sample as there are atoms, so that there should
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only be a few atoms, at most, in any one box. One can then form a list for each atom of atoms in nearby
boxes.

Having done this, the program next searches through each of the atoms in the sample, trying to
use each one as a “core” atom around which to form the three lattice vectors. To find the first lattice
vector, the program scans the neighbors of the core atom, and forms a candidate lattice vector with each of

the neighboring atoms (see Figure 1).

Candidate Vector

~
—

Core Atom Neighboring Atom

Figure 1

Having found a candidate vector, a,, in this manner, the program then scans the neighborhood of
the core atom for an atom located at -a,, so that the three atoms form a straight line. This is done to insure
that the atoms used to form the lattice vector are really sitting at lattice sites, and are not just secondary
basis atoms, such as those found in the diamond structure, or some sort of defect or interstitial atom. If
such an atom can be found, the program will consider this a valid first lattice vector, and store it while it
continues to scan the rest of the core atoms neighborhood. The candidate vector which had been
previously stored will only be replaced if a shorter vector which satisfies all of the above criteria can be
formed.

The search for the second lattice vector proceeds in much the same way as the search for the first,
except that an additional condition must be imposed. It is important that the second lattice vector not be
parallel (or anti-parallel, for that matter) to the first, so that the two form a plane and span two-dimensional

space. If two vectors, a, and a,, are parallel, then

ai-ad: = aid:,

10-6



while, if they are anti-parallel,

aA:1-Ad=—aid:> .

So, in order to reject any candidate vectors which are collinear with the first vector, the program introduces

the following conditions on any candidate vector a,.

ara:—aa:#0

and

a-a+aaq.#z0

In practice, it is not sufficient simply to insure that the two previous expressions are non-zero, and
one must actually exclude a small range of angles around the 0 and 180 degree regions to insure that the
two lattice vectors actually span a plane. In the developed software, the excluded regions were set to 5

degrees around the parallel and anti-parallel directions, which seems to work well (see Figure 2).

Excluded Regions

TN

Figure 2

The search routine for the third lattice vector is again very similar, except that now a candidate for
the third lattice vector must have a least some component which is not in the plane of the first two vectors,

so that the set of three lattice vectors span three dimensional space. This is accomplished by insuring that




as-(a: x a»)

be non-zero. The cross product of the first two lattice vectors will yield a vector which is perpendicular to

the plane they form (see Figure 3).

Figure 3

If we insure that any candidate for the third lattice vector has at least some component parallel or
anti-parallel to this direction, then the three lattice vectors will in fact span all three dimensions. This can
be guaranteed by requiring the triple product to be non-zero. As in the previous case, however, this proves
inadequate in practice. In the developed software, this condition is modified somewhat so that the third
lattice vector must form an angle of at least five degrees with the plane of the first two vectors.

This condition can also be viewed in another way. The absolute value of the triple product of
three vectors can be taken to be the volume of the parallelepiped formed by the three vectors. If that
volume were to go to zero, it would indicate that the parallelepiped had been squashed into a figure whose
dimensionality was less than three, and thus the three lattice vectors used to form it would not span three-
dimensional space.

It is conceivable that the computer will not be able to satisfy all of the criteria needed to form the
three lattice vectors for a given core atom. If this is the case, then the program will move on to the next

atom in the sample and try to use it as a core.
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Once the computer has found a core around which it can form lattice vectors, it will attempt to
make all three of the vectors as short as possible by adding or subtracting them. Due to imperfections in
the simulated solids, the lattice vectors chosen by the computer are not always primitive, and this process
tries to remedy that.

Having now formed the shortest possible set of three lattice vectors, the program then forms the
reciprocal lattice vectors and looks for a second basis atom. Such an atom should be located within the cell

formed by the three lattice vectors, and its position, relative to the core, would be given by

l'=f131+f232+f333

where the s are fractions between 0 and 1. The dot products between the three reciprocal lattice vectors

r-b fl
r-b: fz
l"b3=f3

and this position vector would yield three fractions:

So, in order to find such an atom, the program scans the neighborhood of the core and looks for an
atom whose dot products are all fractions. If such an atom is found, a flag is tripped and the vector from
the core atom to the second basis atom is stored.

There are many more complicated crystal forms which have a basis of more than two atoms.
Since the software was designed primarily to analyze metals, it was not necessary to allow for these more
complicated forms. However, it should not be difficult to modify the code to handle these forms if that
should ever become necessary.

At this point, the program is ready to begin searching the sample for atoms which can be
considered as part of this particular crystalline region. It does so by scanning the neighborhood of the core
atom, forming the position vector of each of the neighbor atoms relative to the core atom, and then taking
the dot products with the reciprocal lattice vectors, as described in the Section H. Ideally, if a neighbor
atom were to be considered as part of the crystalline region, the three dot products would yield perfect
integers. Usually, the dot products are not perfect integers, even for atoms that one would be inclined to
say are part of a crystalline region, and so a tolerance parameter must be introduced. In the developed
software, this parameter is an indication of how close each of the dot products must be to a perfect integer
to be accepted, and thus can range from 0 (requiring a perfect match) to one-half, which would accept
anything as a match , since if a result were more than .5 above a particular integer, it would be accepted as

being less that .5 below the next highest integer, and so on. In the developed software, this parameter is




stored in a text file which is read by the program, and it may be easily changed by the user. This procedure
is also performed on the three atoms used to form the lattice vectors.

Once this first pass is complete, the same procedure is performed with each of the newly selected
atoms, and again with each of the newly selected atoms from that pass, and so on until there is a pass in
which no new atoms are selected as part of the region. If it had been determined that there was a second
basis atom, the program would then look in the neighborhood of each selected atom and try to find the
second basis atom.

In developing the software, it was decided that it would be useful to allow the user to instruct the
computer to ignore regions which were smaller than a specified size. This was done so that the user, when
examining the reports generated by the program at the conclusion of its run, would not have to spend time
sorting through information about small regions in which he or she was not really interested. At this point,
the computer will determine how many atoms it has located at lattice sites and second basis atoms sites (if
it has previously determined that there is a second basis atom). If the number of atoms in this region is
found to be of significant size, the atoms making up that region are tagged with an identifying number. If
the region is too small, nothing is done.

The program then repeat this search routine, attempting to use every atom in the sample as a core,
and skipping over those which have already been selected as part of another region. When the program has
eventually tried to use every atom in the sample as a core, it will end and send information regarding the
crystalline regions it has located to a variety of output files. The developed software generates a set of four
files based on the information it has generated. Two of these are data files which can be used by a
visualization program. The third is a text report containing information about the direct and reciprocal
lattice vectors and sizes of each region. The last file is a text file which is meant to be read by a second
program and contains information about the direct and reciprocal lattice vectors. This second program
examines the magnitudes of the three lattice vectors and the angles between them, and compares them to a
library of common lattice types. This program generates a second text report which indicates which, if

any, of the common lattice types each region appears to match.

IV. Results

As has been mentioned, software has been developed which utilizes the preceding principles and
procedures. This software has been applied to samples ranging in size from a few hundred atoms to about
seventy thousand, and there is no reason that larger samples could not be analyzed in this manner. In the
samples that have been analyzed so far, which have mostly been generated using the Lennard-Jones
potential, most of the crystalline regions that have been recognized as some common type have been Face-
Centered Cubic, with a few Hexagonal Close-Packed structures as well, which is not surprising, since the

two forms are geometrically and energetically similar.
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The following table gives a series of typical execution times for this program when analyzing files

of different sizes on two different computers.

Table 1: Processing Time vs Sample Size for Two Computers

Sample Size 200 MHz Pentium PC 250 MHz Ultra-Sparc Ratio
Workstation

2217 5 sec 3 sec 0.60

9758 65 sec 39 sec 0.60

12709 95 sec 54 sec 0.57

The first two samples contained substantial regions of crystallinity, while the third was essentially
an amorphous sample. It has been observed that the degree to which a sample has crystallized can have a

substantial impact on processing time, even for samples of similar size.

V. Conclusion

In this paper, a procedure for analyzing the results of molecular dynamics simulations has been
presented. Software based upon this procedure has been used to analyze simulated solids, and appears to
do so successfully, yielding information about the nature and extent to which a solid may crystallize under
different conditions, such as temperature or annealing time.

The source code for the program was written in C. It has been successfully compiled on PC’s and
workstations operating under UNIX and Windows 95 (although it runs as a DOS application). Those

wishing to obtain the source code should contact one of the following people:
Mr. C M Palmer (the author)
mattpalm@gwis2.circ.gwu.edu

MattPalmer@aol.com

Dr. H F Helbig
helbigh@rl.af.mil

Mr. J V Beasock
beasockj@rl.af.mil

The program currently runs as a command-line application. A true Windows 95 version will

probably be developed over the next few months.
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ABSTRACT

Industry and academia today are looking for ways to design hardware and
software together without the rigors of manual trial and error. Hardware/software
codesign is a method in which the best solution of the hardware and software are
combined to find the maximum performance of a system. Hardware/software
codesign needs to meet the complexity of the design of electronic systems today
with its many different heterogeneous components. In this technical paper
presentation, the focus is on hardware/software partitioning. Hardware/software
partitioning is a crucial aspect in any codesign method, which finds the maximum
performance of an embedded system. Embedded systems are specific systems
which contain hardware and software components that are particular to a certain
task. The performance requirements that are evaluated are power, area, and time
for an embedded system. A CAD(Computer-Aided Design) tool, named COSH,
will be introduced to accomplish this mission of finding an efficient combination of
hardware and software units. The results show that the theory developed through
COSH finds an efficient combination of hardware and software units given various

integrated circuits.
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System-Level Hardware/Software Partitioning
of Heterogeneous Embedded Systems

D’Sunte L. Wilson

INTRODUCTION
A. Motivation

Embedded systems are becoming an increasingly new area for the field of
computer design. As more computer design designs are developed, whether it is a portable
computer or an airplane systems used to fly from New York to Los Angeles, embedded
systems are a key aspect in those designs. My motivation for this research stems for the
search of how power dissipation can be conserved in embedded systems. The users of
embedded systems can find more constructive uses of their systems by decreasing power
consumption. [12] Embedded system CAD tools are not fully prepared to answer to the
needs of the users, especially in the field of power consumption. Hardware/software
codesign can be a viable solution to address the need to lower energy dissipation within
embedded systems, along with the constraints of area and time. Figure 1 shows the
current design process of hardware and software taken separately.

Arguably, the most important aspect of the codesign process is hardware/software
partitioning. Hardware/software partitioning looks at the units of software and hardware
and actually develops ways to combat the problems of area, timing, and communication. I
am proposing to use this same hardware/software approach to find a lower power
consumption within an embedded device. Hardware/software partitioning with respect to

power consumption is an new area of research for academia and industry. Power




consumption within any electronic device must be addressed because it effects even the

average person using a portable CD player.

Current Design of Hardware/Software Systems

Constraints
Defined

|

System Specifications

/

Hardware Software
Description Description
Hardware Software
Synthesis Generation
Hardware Software
Components Modules

Integrated

Systemn

Figure 1. Current Design of Hardware/Software Systems

B. Applications

Embedded systems have many applications to our everyday lives. They range from
pagers to fly-by-wire fighter aircraft. Without the use of embedded system technology,
many of the everyday computer items we use would be obsolete. These embedded
systems, however, for personal use are often portable. When you have mobile computing

involved, there are a range of issues that must be addressed. Arguably the most important
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aspect of any portable device is power consumption. A mobile computer system, such as
a wearable computer has many issues involved in its design with many heterogeneous
parts. For any wearable computer, battery life is a definite issue that must be addressed.
Wearable computers operators need to know that their device will be operational in a
certain amount of time to properly deal with their activity. For any application where
power consumption is an issue, the problem can be broken down into two main areas.
These areas that hardware and software must deal with are time and cost. Time is a
constraint when looking at the amount of performance that will be needed for a system to
properly function. Cost refers to the area and the production costs of the system. These

two key constraints affect the power dissipation of any embedded system.

C. Objective

The investigation of the codesign problem will be approach through
hardware/software partitioning in this paper. Partitioning is used to decompose a
hardware/software system into several smaller elements to find an more efficient overall
system by interchanging hardware and software elements. Partitioning is a key aspect in
the codesign process. Without partitioning taking place, the system cannot achieve its
maximum performance within the constraints. The existing research work done in the
codesign area is limited because of the infancy of the research area. There are no set of
instructions or theory when codesign is approached. Therefore, many different
approaches are taken within the codesign research area.

Many take a biased approach toward the codesign process. If a software or

hardware dominating approach is taken, it gives out two different results. My goal in this




paper is to look upon a non-biased approach towards hardware/software partitioning
which will lead to a better overall solution. I will always look at any system as a whole
instead of optimizing hardware and software components separately. This will be achieved
by using COSH-DD. COSH-DD, standing for Codesign of Software and Hardware—
Decision Diagrams, uses an approach where decision trees are used to optimize the
embedded computer design. With the growing complexity of computer systems today, this

partitioning technique can be made to be a great practical tool.

D. Outline of paper

This paper will give the reader a chance to see the background , formulation, and
results of this computer design problem. Section 2 addresses the background of the
hardware/software codesign area with an emphasis on hardware/software partitioning.
Section 3 addresses the problem formulation and the concept of decision diagrams,
named COSH-DD to address the problem of hardware/software partitioning. Section 4
uses the results found to verify the method of using the COSH-DD algorithm. Section 5

concludes the paper and suggests new areas of further research.
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BACKGROUND
A. Design of Computing Systems

Many computer developers have been designing software and hardware separately
for many years. They have encountered problems of interfacing the two entities after they
have already fully developed the hardware and the software. Kalavade points out that
when designing computer systems many elements such as severe cost, performance, and
design-time constraints have to be taken into account.[1] Many designers also overlook
the essential nature of power in any design of a computing system. Computer designers
are people who want to design and build real systems. They want to grasp the
fundamentals, but also need to understand how things work in the real world. Thomas and
Adams define a system-level approach towards computer design.[2]. Often times, the
lower level is extremely well defined but for a developer who needs the top-level design
and concerned with time-to-market a CAD tool must be able to provide for a system-level
approach. The current approach towards designing a system requires endless testing and
many man-hours to determine the “right fit” for a computer system.

Hardware/software codesign is an extremely diverse area. Many different
approaches have been taken in the codesign field in dealing with computer systems. The
theories range from the Princeton model of Malik and Wolf to Kalavade’s Design
Assistant. The reader should be aware that these theories show the complexity and the
diversity in the hardware/software codesign research area.

The Princeton model looks at a general model using conservative estimates in its
partitioning.[3] These conservative estimates give a great estimation, but they have

serious flaws because the model is inflexible. Without flexibility given to the user, the
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emphasis of a true design tool is lost. The quality that can be taken away from the
Princeton model is the performance analysis on embedded systems. Its detailed
information gives a clear understanding of how embedded systems should be evaluated.

The Princeton model describes new methods for the performance analysis of an
embedded application execution on multiple processors. The algorithm can simultaneously
design the hardware engine which consists of a network of heterogeneous processing
elements, either CPUs or ASICs, and the application software architecture, which consists
of allocating functions to processing elements in the hardware engine and scheduling their
execution. The hardware engine and application software architectures together can be
refer together as the embedded system architecture. The model uses this embedded system
synthesis concept to codesign the hardware and software together to meet performance
and cost goals. This method is efficient on the surface, but it lacks depth when dealing
with specific issues of power, communication time, and delay.

Rajesh Gupta’s model focuses on heterogeneous partitioning.[4] This approach
also gives a more generalized approach from a hardware point of view. He uses
HardwareC, a HDL(Hardware Description Language), to simulate hardware executions.
The point of view taken by Gupta seems to be the most beneficial to the approach
presented in this paper. Gupta explains that the heterogeneous computer chips and
components are left without any clear-cut developing. We need to move towards a new
way to design a computer systems without trial and error being used by the designer.
However, we must still leave enough freedom for the designer to actually design his own

custom computer system.
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Gupta looks into the hardware/software partitioning aspects differently than Wolf.
He views that the assignment of operations to a processor and to one or more application-
specific hardware circuits involves additional delays due to communication overheads.
Any good partitioning scheme must attempt to minimize communication overhead.

Gupta points out that as the operations in software are implemented on a single processor,
increasing the number of operations in software increases the degree of utilization of the
processor. Consequently, the overall system performance is determined by the effect of the
hardware-software partition on performance parameters that go beyond area and delay
attributes.

The Lycos model, presented by Knudsen and Madsen, depends on too much
human interaction.[5] This takes away from a hands off approach towards partitioning.
There seems to be no clear cut distinction as to which is software and which is hardware
when designing. This may lead to many problems in the design. Their approach, however,
has great qualities. They use a library to define the hardware and the software used in
evaluating the system. This method seems to be suitable for user interaction. It allows the
designer to input what he will be using. The designer can then pick and choose amongst
the library which systems are the best for his needs.

The Lycos system displays hardware/software partitioning in a different aspect
than the previous two model. In the Lycos model, the user is given the choices to make
the changes to the communication overhead, the software complexity, and specify a
certain target architecture of hardware and software components.[6] This approach can be
describe as functional partitioning. The problem with functional partitioning is that it relies

heavily on user interaction. It takes away from the whole aspect of a codesign process.




The Lycos’ CAD tool gives too much chance for error. The Lycos method while looks
effective is basically the same as designing hardware and software together without any
computer aid. The Lycos model does very little to effectively exploit the great potential
for energy reduction through modification of software.

Kalavade’s Design Assistant gives a more universal approach with a focus on the
actual system level hardware units.[7] This approach gives the user a more hands on
development on the design of the system from a system-level perspective. Integer linear
programming is used to find the right combination of hardware and software. Kalavade’s
Design Assistant takes another look at hardware/software partitioning. She views
hardware/software partitioning in two parts. One aspects is binary partitioning. Binary
partitioning is the problem of determining, for each node, a hardware or a software
mapping and a schedule. The second aspect is extending partitioning which describes the
problem of selecting an appropriate implementation, over and above binary partitioning.
Kalavade’s theory of developing each task together probably is the most efficient out of all
the previous models.

Jian Li’s approach towards hardware/software partitioning is an approach where
complex mathematical models are not presented.[8] He uses the TDT(Time Decision
Tables) with Don’t Care sets to minimize his solution. This approach alleviates the
problem of mathematical models when using hardware/software partitioning. Even
though this method may have its flaws, it is still easily understandable by any designer.

Tiwari’s paper uses the actual instruction sets to get an approximation of power.
The power consumption has not been deeply developed in hardware/software embedded

systems when dealing with predesigned computer chips and circuits.[9] His approach of

11- 10



seeing how each software instruction dissipates a certain amount of power opens up
another area of research in the codesign field. This approach gives some motivation for
considering power when using hardware/software partitioning.

In summary, two key aspects hold over all these theories. One aspect is that
hardware is composed of a set of functional resources which can be accessed concurrently.
The second is that hardware functional resources are already bound to software i/o
operations. None of theories presented adequately use software to truly codesign their
processes. Researchers often take different approaches to the theory for practical
applications. Kalavade addresses many concerns in the codesign area, however leaves out
the power consumption. However, Kalavade’s insight‘ is invaluable. Gupta and De
Micheli look at the hardware/software codesign of all the issues involved also. Their
definition of the codesign area really made the problem of hardware/software codesign
somewhat easier to figure out .[10] De Micheli himself address the huge areas of research
in the codesign area in his article.[11]

However, arguably the most important aspect of the codesign process is
hardware/software partitioning. Hardware/software partitioning looks at the units of
software and hardware and actually “codesign” them within each other . There are many
concerns in the codesign process. These concerns are communication between hardware
and software, area, timing issues, and power consumption.

Many researchers have touched upon this codesign theory. However, their
approach is either from a software dominated approach or a hardware dominated
approach. In a software dominated approach, the user tailors his needs with the view that

changing the software executions or instructions can greatly reduce the overall cost of the




system. This theory, although correct on the surface, lacks depth because it rarely deals
with the physical limitations that hardware can impose on any system. In a hardware
dominated approach, the system’s hardware is optimize through current techniques of
technology mapping ,Binary Decision Diagrams(BDDs), graph models, or some other
hardware approach of evaluating circuits. These approaches while valid, take into little
consideration the complexity of a software algorithm and its instructions in terms of the
overall cost. The goal is to have a “same” design approach when dealing with embedded

systems. This will greatly reduce any error in determining the best solution.

PROBLEM FORMULATION

A CAD tool developed called COSH(Codesign of Software and Hardware) will
attempt to alleviate the problem of hardware/software partitioning. Partitioning is a key
step in any codesign theory. It is the step where the interchange and comparison of
hardware and software units must be made. COSH will attempt to show an unbiased
approach toward the codesign theory for practical use in developing a portable device.
The information obtained from COSH will allow the developer to see how the software
and hardware they are using will directly effect the energy consumption and daily
operation of the device. This will allow the developer to make necessary changes without
expensive last minute changes.

This paper will present a universal approach to hardware/software partitioning.
Hardware/software codesign is a method where the best solution of the hardware and

software of a system are combined to find the maximum performance of a system. This
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method can have great applications when used on embedded systems. The method I
propose is to look into hardware-software partitioning. Hardware-software partitioning is
a subset of hardware-software codesign, but it is a crucial aspect of the process. Without
efficient partitioning, the system cannot truly be minimized for maximum performance.
My approach views hardware and software as the same “unit” or entity. This allows for
more efficient partitioning because it alleviates the problem of software or hardware
dependency. The CAD tool give a unique solution to a hardware-software system for
maximum performance with minimal use of hardware and software components. There
will be a library for hardware implementation functions and specified software
implementation functions. There are many difficult aspects that must are determined

through the use of this CAD tool. There are as follows:

1. Determining which qualities of software that will be evaluated.
2. Determining how the hardware should play a role.

3. The actual construction, i.e. definition, of the computer code.
4. The problem of treating the software and hardware as the same

entities may cause issues in the overall evaluation.
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COSH-DECISION DIAGRAM
for 3 chip design

Figure 2. COSH- Decision Tree Diagram

Description of the System Model

At the system start, the user is asked for the time, area, and power constraints
along with the number of software instructions of the system. Figure 2 gives you a
schematic view of the approach taken. The CAD tool checks whether or not the
constraints are realistic with the given library The library is defined by with each chip
having the characteristics of area, time delay, power, average clock cycles per
instruction(CPI), and clock rate. This defined library gives the user the option to
interchange its hardware and software requirements for a system design without too much
interaction with the CAD tool. It allows the user to have hands-on development of a

system, but allows the speed of the CAD tool to determine the right combination of chips.

11- 14




After the constraints are determined, the first initial partition takes place with
system specifications of the library and the entered constraints by the user. After the first
split is made, the hardware and software components’ maximum performance is decided.
Each chip is checked to determine if they overstep the constraints. The time, area, and
power constraints use Equation 1 to determine its feasibility:

Chip time (teip) < Time constraint (T.)
Chip area (acip) < Area constraint (A.) 1)
Chip power (paip) < Power constraint (P.)

The power constraint, P , has a safety factor of 10%. When the user enters the
power constraint, the CAD tool takes only 90% of that value for a safety factor, K, given
the nature of power supplies and systems. If the constraints are met for each chip defined
in your library for time, area ,and power, we must then find the constraints met for the
number of software instructions defined by the user. Equation 2 gives the relationship
between time and software instructions given the elements in each library:

Software Time (t,n) = (# of Instructions)(CPI)( 1/ Clock Rate) (2)
The software time, t.s , is compared to the time constraint just as the chip time is
compared to the same time constraint in Equation 1.
Once each individual chip meets all the constraints, the partitioning can continue by
taken different combinations of chip designs and determining if these combinations meet
system specifications. Equation 3 takes the area summations of each chip design and sees

if they meet the area constraint:

Y, Individual chip areas < Area constraint (A.) 3)
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The power constraint with the 10% safety factor uses Equation 4 to meet its design
requirements:
>, Individual chip power < Power constraint (P.) @)

The time considerations differ from those present in Equations 3 and 4. Another
library is defined where the communication time between each chip is properly defined.
This library gives the user the ability to change the flexibility of the communication time
between certain chips in the first library. The equation used for the hardware time
consideration is given by Equation 5:

2. Individual chip times + communication time between chips < Time constraint(T.)
(5)

For software time considerations , we take the software time defined in Equation 2

and uses it as:

>, Individual software times < Time constraint(T.) (6)
Equation 6 does not differ from Equation 3 and 4. The only equation that differs is
Equation 5 which gives the communication times of each chip for an overall time
consideration.

Each solution is determined through the use of each equation above. This method
allows the user to make decisions based on the system-level requirements. It also gives
the user different combinations of the determined systems in order for the user to make the
determination of which system is the best. This partitioning allows for the user to have the
final say in design. It cuts down time for pointless combinations in the design. The
Decision Diagram method, shown back in Figure 2, is a system where the CAD tool helps

user design the system, while the user helps the CAD tool also design the system. This
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approach leads to an unbiased approach. The CAD tool does not allow the user to make
uneducated decisions that can waste money, but it allows the user to manipulate a system

for any specifications needed.

RESULTS

The CAD tool COSH evaluated chip designs containing 6, 20, 50, and 100 chips.
This chip designs were based on already existing chip information. The 6-chip system
always was easily attainable. It met the qualifications of area, time, and power when it
was designed based upon the information processed by COSH. The power safety, K,
proved to be important in the 6-chip design as power fluctuated up to 3% based upon the
values entered. The CPU time in determining a 6 chip system was not a factor.

The 20 chip system also used the same construction techniques as in the 6 chip
system. It easily met the constraints of area and power, however in some combinations
the timing in the actual construction of the 20 chip system was off up to 3%. This problem
can be contributed to unpredictable nature of software and software timing. The power
safety factor in this design was crucial as power fluctuated up to 5% based upon the
values entered. In a 20 chip system, the CPU time in its construction was also
nonexistent.

The 50 chip system used a predetermined chip construction of a mini-wearable
computer device to determine its efficiency. Every evaluation given by COSH gave the
exact same construction of the device, which took the original designers 8 months to

determine. Just as the original designers still have problems with timing, COSH displayed

11- 17




problems with the timing of the system-level chip design. The power requirement was
easily met under the existing systems. The safety factor for the power constraints proved
to be a great asset to this already existing design.

For the 100 chip system, an experimental cellular phone was use to determine
COSH’s effectiveness Again, the original took 13 months to construct, while COSH did
the same construction in less than 30 seconds. The problem of timing showed up again in
this evaluation. Upon further review, it seems that the software instructions vary the
timing of system as it is processed from chip to chip. In some cases, the timing given in
COSH and those in the actual construction were off by 20%. This seems to be an
interesting results as COSH gives the same actual construction of the system evaluated.

The results given in this paper are in its infancy. Many more tests have to be taken
to find out the problems facing the timing issues. However, the results given for small
systems of 6 and 20 chips are accurate. The evaluation process yielded that the area and
power requirements were always met without any error. The timing constraints showed
differences as the system became bigger. This result can be seen as software instructions
having a direct effect on the actual system design. The power safety factor accounted for
software instruction power dissipation. The results given gave great expectations in
developing a more efficient CAD tool that finds a unique, easily understandable, and

efficient process.
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CONCLUSION

Hardware/software codesign is a concept which takes on many different
approaches. The approach taken is a universal approach with limited human interaction.
The partitioning aspect of the codesign concept is probably the most crucial aspect. If an
efficient system can be found to reduce the time and cost of producing hardware/software
systems, the computer industry and academia can put their efforts towards other concerns.
At this point, I am in the infancy of my research in this new and developing area. Iam
confident that with research and proper resources that my universal theory will be a viable
theory.

The drawbacks towards a universal approach can be overcome through continuous
testing and finding new ways to explore different options. Once the drawbacks are
overcome, such as timing, many embedded systems whether large or small can gain great
strides in their development. My proposed theory will find the maximum performance
between hardware and software. With the complexity of digital mixed hardware/software
systems growing, a short-cut or time-saver must be found in their development. Once the

problem of codesign is properly defined and solved, the computer field will grow from it.
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Abstract

This technical report will detail some of the syntax and semantics of the
Prototype Verification System (PVS) used on several examples. It will include
the specification and verification of the existence of a linear limit and a
simple traffic light. A survey of several of the PVS prover commands and their
applications will be taken to act as a guide to introduce Software
Specification with PVS. Observations of employing PVS to aid in the co-design

of complex systems will also be reviewed.
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Software Verification Guide

Using PVS

Luke J. Olszewski

1. Introduction

The Prototype Verification System contains a specification language and a
proof checker. It is a system that was developed at SRI International which
verifies formal specifications and checks formal proofs [l]. As a whole, it is
an interactive tool used as a theorem prover/proof checker where user-defined
proof strategies enhance the automation of the proof checker. PVS is
implemented in common Lisp with ancillary functions provided in C, Tcl/TK, and
LaTeX, and uses GNU EMACS for its interface [1l]. The basic deductive steps in
PVS include atomic commands for induction, quantifier reasoning, automatic
conditional rewriting, simplification using arithmetic and equality decision
procedures, and propositional simplification using binary decision diagrams.
The PVS proof checker prompts the user for appropriate commands at certain
subgoals. The execution of such commands may produce further subgoals or
complete the subgoal and move on to the next step. This allows the user to
actively engage in the Formal Methods of specifying and proof checking a
design.

There has been a push in this country to use Formal Methods (FM) in the
design of complex computer systems throughout the 1990’s. It is clear that
there are many advantages of applying FM to both hardware and software
applications at the beginning of a project [3], vyet often there is little
communication between the hardware and software developers at any stage. This
gap in the process of designing systems can be branched if the project as a
whole can be abstracted to a higher level where functions are specified
independent of the apparatus that will perform specific operations. PVS can
help in bridging the gap because of its dynamic employment of algebraic and

arithmetic specification properties. Such implementations go beyond the scope
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of this report, but will be discussed briefly.

This report will act as a guide that details some of the basic prover
commands used in PVS. It is not intended to replace any of the PVS manuals, but
may make using PVS less painful to the beginner. It assumes that the reader is
familiar with FM and mathematical logic concepts from predicate calculus and is
simultaneously using PVS manuals provided by the NASA Langley Research Center.
Information and manuals can be obtained from their web site at http://atb-

www.larc.nasa.gov/fm.html.

2. Syntax and Semantics

The manuals that can be obtained from the web site mentioned above are
good in that they offer the user excellent examples, but it lacks the
simplicity that is required for first time users of such tools. This section
will detail and consolidate some of the information that this author believes
was left out in those manuals. This survey 1is not meant to replace PVS
documentation, but rather to shed light on some of the assumed knowledge by the

authors of [1] and [2].

2.1 Some Basic Commands

We now assume that the reader has the appropriate manuals and has PVS up
and running. Once the PVS proof checker is invoked, hit the Esc key ("ESC -" is
displayed in the buffer at the bottom of the EMACS window) and the x key (“M-x”
is displayed in the buffer), then type ff (find file) and hit the return key to
find a file. PVS will prompt you to type the name of the PVS file, leaving off
the .pvs extension. It will then look for the file *.pvs. If no such file
exists, the user must hit the enter key twice to get back to the PVS Welcome
buffer and type M-x nf (ESC, x, and nf for new file). Type the name of the new
file without the extension and press enter, and PVS will create the *.pvs file
for you. Now the formal specification may be typed in, or open a specification
that came with the PVS package. When the formal specification is completed,
typecheck the file to determine if any Type Check Conditions (TCC's) are
generated and let PVS attempt to prove them with M-x tcp (typecheck and prove).
PVS will parse (check for correct syntax) and typecheck (check, for example,
that real functions don't map to booleans, etc.) the specification. When
completed without errors, the cursor will go back to the PVS file. Move the
cursor to the lemma or theorem to be proved and hit Ctrl+c keys (“C-c -" will

be displayed in the bottom buffer), then hit the p key. The PVS proof checker
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will automatically be invoked and the theorem or lemma that the cursor was on
will be displayed with “Rule?” beneath it. (If the user is in the X-Windows
environment, all of these commands can be found in the menus at the top of the
window.)

Now enter the first prover command enclosed in ()'s (e.g. (skosimp*)).
The following commands must be within parenthesis since the proof checker uses
Lisp. Also, IMPLIES and => are used interchangeably, along with & and AND. The
specification commands are not case sensitive.

Some basic commands for the Theorem Prover are listed below [2]. The

syntax as it would appear during the proof checking is: Rule? (COMMAND).

(expand "NAME") Below is an example where abs, though not highlighted

when typed in, is a defined function in the PVS prelude file.

{~1} abs(x!1l — a) < delta
{1} abs(f(x!1l) - L) < eps

Applying (expand “abs”) yields

{-1} (IF x!'1 — a < 0 THEN —(x!1 — a) ELSE x!1 — a ENDIF < delta)

{1} (IF f£(x!1) — L < 0 THEN —-(f(x!1) — L) ELSE £(x!1) - L ENDIF < eps)

Performing a rewrite instead of an expand allows the user to
control which abs will be expanded. In other words, applying
rewrite instead of expand would result in the expansion of
only the precondition, {-1}.

(flatten) simplifies disjunctive (OR)

(grind) Performs the following as specified in the training manual
and when executed: skolemizes, instantiates, and lift-if's.
It also rewrites prior to skolemization and asserts when
completely simplified. See the limit example below.

(ground) Invokes built in descision procedures, splits, flattens,

and appears to assert when done. For example:

[1] IF a THEN b

(ground) yields:
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{-1} IF a

{1} THEN b

(help NAME) e.g. (help split) displays text for command “split”.

(inst?) Tries to find an appropriate variable substitution

{-1} (FORALL (x: arb): P!1l(x) => Q!1(x))

{1} Q'1(x!1)

Applying (inst?) results in x!1 substituted in for x.

{~1} P!1(x!l) => Q!1(x'1l)

{1} 0!1(x!1)

(lift-if) Applies a function to a conditional statement.
e.g. f(If a THEN b ELSE c ENDIF)

(lift-if) yields: IF a THEN f(b) ELSE f(c) ENDIF

(lemma “"LEMMA's NAME") Used to call a proven or imported
theorem, lemma, or axiom.

(postpone) Postpones the proof of a subgoal. Helpful if some
subgoals can be proved and others cannot. A comparison of
the proven with the unproven may help in determining any
holes in the specification.

(prop) Invokes several lower level rules to carry out a proof
without showing the intermediate steps. It simplifies
propositional statements into its axioms.

(quit) Leaves the proof checker. It cannot be used during the proof
check.

(rewrite "NAME") Similar to the expand command.

(skolem!) Skolemization is used to eliminate the universal forall
and the existential there exists quantifiers. Quantifiers are
either changed into either skolem constants
(universal quantification) or skolem terms (existential

quantification). Existential quantification may be
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instantiated with user selected terms (see example below).

(FORALL (p:bool, q: bool): ({(p => q) AND p) => q)
(skolem!) yields

{1} ({(p!l => q!l) AND p!l) => q!l

(skosimp*) Flattens and skolemizes repeatedly until simplified.
Often skolemizing is done as the first step.

(split) Generates subgoals from IF THEN statements. If there are
several, the (split) command may be used several times

in succession.
{1} ((p!'l & q!1) & r!1) => (p!l & (q!l & r!l))
(flatten) yields:

{-1} p!l
{-2} q!1
{-3} rtl

{1} (p!'1l & (q!'l & r!l))
(split) yields 3 subgoals:

1.1

{-1} p!l
{-2} qt!l
(-3} r!1

{1} p!l

1.2
{—-1} p!1
{=2} q!1
{-3} r!l

l [ —

{1} q!1

1.3
{~1} p!l
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{-2} q!'l
{-3} r!l

{1} r'1

(typepred "NAME") Causes type constraints in the sequent. For
example, let delta be defined as a positive real constant:

delta: posreal, then

{-1} |x—a| < delta

(typepred "delta") yields:

{=1} delta >= 0
{~2} delta > O
{-3} |x-al < delta

(undo) Undoes the previous command

2.2 Function Declarations

An example of a real function specificaion with x and f(x) of type real

is

f(x: real): real = 2x + 1.

The beauty of this specification language is that it is inherently easy to
specify constants, variables, and functions of different types. The above
example could have been much more complex and of different types.

It is with this in mind where the capacity of PVS to be utilized at a
more abstract level can aid in the co-design of systems. As can be seen in
Figure 1, PVS can be used to specify the functions Fi..,, and its composites
a,b,.. The declarations of the sorts domain and range can then be analyzed to
determine if a hardware, software, or hardware/software design is most suitable
given the parameters and constraints of the problem. It is obvious from this
paradigm that in co-designing a system, the functionality relations between
software and hardware must be integrated to achieve the optimal design with
minimal simulation. The reader is referred to the PVS Training Manual ([2] for

more examples of functions.
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2.3 A Little more on TCC's

Type Check Conditions (TCC's) occur when there may be a discrepancy in
types during the typecheck. For example, if x is a real variable and f is an
integer function, a TCC may occur. PVS, however, may prove this to be legal and

at the end of the typecheck, the bottom buffer will display
1 TCC 1 proved 0 subsumed 0 unproved

which does not imply that your specification has been verified. The prover must
still be invoked and the theorems proved as previously discussed. Note that if
f and x are both declared as real types, that no TCC's will occur. Similarly,

TCC's may be generated and unproved by the “M-x tcp” command.

Informal Specification

v

F, F; F,

a(b(..))

Domain Range

Hardware Hardware or Hardware/
Software Software
Software
Figure 1
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3. Limit Problem

Informal specification of the problem:
Prove that the limit of f(x) = 2.1x + 1.2 is 3.51 as x approaches 1.1,

Definition of a limit: f(x) = mx + b is L as x approaches a means that V € > 0,
38 > 0 such that if |x - al < 8, then |f(x) - L| < €. In PVS, it was found that
if slope m is defined in decimal form, there 1is a type problem and the limit

could not be proven. By rewriting m, a, and L as rationals (e.g. 2.1 = 21/10),
the existence of the linear limit became provable in PVS.

Formal Specification:
limit: THEORY
BEGIN

x: VAR real
m,b: real

eps: posreal

f(x: real): real = 21/10*x + 12/10
delta: posreal = eps/(21/10)
351/100

11/10

il

L: real

a: real

Lim: LEMMA abs(x - a) < delta
IMPLIES abs(f(x) - L) < eps

END limit

Several proofs can be generated which lead to the same conclusion. PVS
performs this operation automatically and saves the proof in a *.prf file. Let
us now evaluate two of them and determine the more meaningful one. Note that in
the proofs below, each command can be executed in its natural sequence when the
prover is invoked. In other words, in Generated Proof 1, (skosimp*) would be

the first prover command, (expand “abs”) would be the second, and so on.
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Generated Proof 1:

(Ilimit|
(1Lim| "" (SKOSIMP*)
(("" (EXPAND "abs")
(("" (LIFT-IF)
(("" (GROUND)
{("1" (TYPEPRED "delta") (("1" (GRIND) NIL)))
("2" (TYPEPRED "delta") (("2" (GRIND) NIL)))
("3" (TYPEPRED "delta") (("3" (GRIND) NIL)))
{("4" (TYPEPRED "delta") (("4" (GRIND) NIL))))))))))})

Without the "LIFT-IF", the subgoal will not be generated. The "TYPEPRED"
command, on the other hand, is unnecessary. Also, one might ask “What does
ground and grind do?” Generated Proof 1 hides the intricacies of this proof. A

more lucid proof is given in Generated Proof 2 below.

Generated Proof 2:

(1limit]|
({Lim| "" (SKOSIMP*)
(("" (EXPAND "abs")
(("" (LIFT-IF)
(("" (SPLIT)
{("1" (SPLIT)
(("1" (FLATTEN)
{("1" (REWRITE "L")
{{"1" (REWRITE "a")
(("1" (REWRITE "delta ")
(("1" (REWRITE "£") (("1" (ASSERT) NIL)))))}})))))
("2" (GRIND) NIL)))
("2" (SPLIT)
{("1" (FLATTEN)
{({"1" (REWRITE "f")
{{"1" (REWRITE "L")
({"1" (REWRITE "a")
(("1" (REWRITE "delta") (("1" (ASSERT) NIL)))))))))))
{"2" (PROP)
(("2" (REWRITE "f")
{(("2" (REWRITE "a")
{(("2" (REWRITE "L")
({"2" (REWRITE "delta")
(("2" (ASSERT) NIL))))))))))))))31))H))N)
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A comparison of the two proofs above illustrates some of the hidden
functions of grind as previously mentioned in section 2.1.

Errors in the attempt to proof the specification of the existence of a
linear limit for the general line f(x)=mx+b were not so easily determined. From
the first proof tree, the grind command caused PVS to halt. Utilizing the
structure of the second proof allowed the discovery of some of the
discrepancies in the specification. The verification of the general case is not
yet complete, but at least half of the subgoals have been proven. Thus, it is

suggested to the user to grind with discretion.

4. More Examples

The following examples illustrate the basic commands given above when
applied in a simple example. Only the commands which changed the preconditions
or the postconditions are listed. It can be assumed that the other seemingly
appropriate commands listed in section 2.1 had no apparent affect on the
condition of the proof. DeMorgan's Law states that for all p and for all g, not

(p and gq) if and only if not p or not q.

Truth Table for NOT(p & q) => (NOT p or NOT q)

p|la|NOT(p & q) [ IMPLIES | NOT p NOT q NOT p OR NOT g

T|T F T F F F

FI|T T T T F T

T|F T T F T T

FI|F T T T T T
Figure 2

Figure 2 shows that this is a tautology for any predicates p and ¢g. A similar
argument can be used to show (NOT p OR NOT g) => NOT(p & g). What follows is

the formal specification as it would appear in the PVS file de morgan.pvs:

de morgans_law: THEORY
BEGIN

pr9: VAR boolean

12-12



De Morgans_Law_conj: THEOREM NOT(p & g) IFF (NOT p OR NOT q)
De_Morgans Law_disj: THEOREM NOT(p OR q) IFF (NOT p & NOT q)

END de_morgans_ law

Proof of DeMorgan's Law as it appears in the de morgan.prf file:

(|de_morgans_law|

(|De_Morgans_Law_conj| "" (SKOSIMP¥)

(("" (SPLIT) (("1" (PROP) NIL) ("2" (FLATTEN) (("2" (GRIND) NIL)))))))
(IDe_Morgans_Law_disj| "" (SKOSIMP*)

(("" (SPLIT)

(("1" (FLATTEN) (("1" (SPLIT) (("1" (PROPAX) NIL) ("2" (PROPAX) NIL)))))
("2" (FLATTEN)
(("2" (SPLIT) (("1"™ (PROPAX) NIL) ("2" (PROPAX) NIL)))))})})))

After typechecking, the prover is invoked and the verification is done

displays the following:

DeMorgans_Law: {1} FORALL (p: boolean, q: boolean):
NOT((p & q)) IFF (NOT p OR NOT q)

(skolem!) yields:

{1} NOT((p!1l & q!l)) IFF (NOT p!l OR NOT q!l)
(skosimp*) yields:

{1} NOT((p!l & q!l)) IFF (NOT p!l OR NOT qg!'l)

(grind) QED completes the proof

Result from (skolem!) on DeMorgan's Law:

{1} NOT((p!1l & g'!l)) IFF (NOT p!l OR NOT q!l)

(split) Splitting the conjunctive yields two subgoals

DeMorgans_Law_conj.1:

{1} NOT((p!l & g'!'l1)) IMPLIES (NOT p!l OR NOT g!l)

(postpone) yields the second conjunctive from the split:
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DeMorgans Law conj.2:

{1} (NOT p!l OR NOT q'!l) IMPLIES NOT((p'l & q'l))

(prop) QED completes the proof
(ground) QED completes the proof
(grind) QED completes the proof

Result from the (split) above which yielded DeMorgans_Law_conj.l:
{1} NOT((p'1 & g'l)) IMPLIES (NOT p'l OR NOT q'l)

(flatten) yields:
{-1} p!1
{-2} g!1

{1} (p!'l & gq!'l)
(prop) completes the proof of DeMorgans_Law_conj.l and displays
DeMorgans_Law_conj.2
(ground) QED completes the proof
(grind) completes the proof of DeMorgans Law conj.l and displays
DeMorgans_Law_conj.2
(skosimp*) yields:
{-1} p!1
{-2} q!1

{1} (p'l & q'!l)

At this juncture, applying (assert) will complete the proof of
DeMorgans_Law_conj.l and display DeMorgans lLaw conj.2 which can be similarly
proof checked.

Several other examples (i.e. Modus Ponens, Modus Tollens, etc.) were
easily specified and checked using PVS. There was an attempt at this point to
write specifications using ORA Larch/VHDL, however, due to the lack of
documentation, this author ceased his efforts and returned to writing

specifications in PVS.
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5. The Traffic Light Problem

The informal specification is as follows:

Design a traffic light that will be placed at the intersection

of two roads with traffic in both directions.

Formal Specification:

traffic 1t % [ parameters ]

: THEORY
% NOTE: the percent symbol “%” is used to comment lines out
% in a specification file

BEGIN

colour: TYPE = {red,yellow,green}

ns{x: colour): bool

ew(x: colour): bool

init_state _ns: AXIOM ns(green) TRUE XOR ns(yellow)

ns (green) = TRUE

init_state ew: AXIOM ew(green) TRUE XOR ew(yellow)

ew(green) = TRUE

statel: AXIOM ns(green)

NOT ew(green) & NOT ew(yellow)
state2: AXIOM ew(green)

NOT ns(green) & NOT ns(yellow)

ew green: LEMMA ew(green) OR ew(yellow) => ns(red)
ns _green: LEMMA ns({green) OR ns(yellow) => ew(red)

END traffic 1t

PVS Proof:

(ttraffic 1t}
(lew_green| "" (FLATTEN)
((nn (PROP)

(("1" (LEMMA "init_state ns")
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(("1" (LEMMA "init_state_ew")
(("1" (GRIND) (("1" (LEMMA "state2") (("1" (GRIND) NIL)))))))))
("2" (LEMMA "init_state_ew")
(("2" (LEMMA "init_ state_ns")
(("2" (GRIND) (("2" (LEMMA "statel"™) (("2" (GRIND) NIL)))))))))IM)))

The initial states for each street utilize the exclusive or, XOR, and
allow each side to have exactly one light on at any single instance. The axioms
statel and state2 specify that if one street has a green or yellow light, the
other has a red light. The proof of the lemmas ensure that this will hold true

for any case.

6. Conclusion

PVS is a powerful, interactive tool that 1is comparatively well
documented. However, it was discovered that the tools used in applying Formal
Methods are at times ambiguous and cumbersome, including PVS. This is not due
to the lack of elegance of the package. The difficulty is found in using the
documentation. This report has simplified examples that enable the user to get
started writing meaningful specifications. I would like to stress the fact that
the importance of formally specifying and verifying large, complex hardware and
software systems, is yet unrealized by the majority of educators. This becomes
a burden to industry that clearly has a requirement for reliable systems, with
increasing levels of sophistication and integration of hardware and software
designs. As mentioned in section 3, PVS would appear to be well equipped to
handle a formal specification at the highest level of abstraction and enable a
more harmonious co-design environment. Future research in Formal Methods must
endeavor to integrate co-designed projects into the development process to
ensure the production of reliable, high quality, easy to upgrade, and low

maintenance systems.
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